A DEDUCTIVE FAULT SIMULATOR FOR 

LOGIC CIRCUITS 


A Thesis Submitted 

In Partial Fulfilment of the Requirements 
for the Degree of 

MASTER OF TECHNOLOGY 


by 

Major B. K. BHATIA 


to the 


DEPARTMENT OF ELECTRICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY KANPUR 

JULY, 1976 



DEDICATED to 


The Corps of Electrical 
and 

Mechanica„l Sn^gineers 
(lEDIilT imj) 



M.T. ! /'f- FUR 

central library 


Acc. No. 


p. 4679S' 

£ 1 ^ 4.**«M** 


1 0 AUG 1976 





CmTIFICATE 


CJRTIPIBD that the voxk, *A DEDO^flYB f4TO 
SBTOIiAIOR FOR LOGIC CIRCUITS* has been done by 
Major B*K* Bhatia under ny supervision and liiat 
it has not been submitted ‘elsewhere for a degree* 


K.p • ^ 

Dr. K.P.R. Prabhu 
Visiting Research Associate 
Department of Electrical Engineering 
and Computer Science 
IRDIAR INSTITUTE OP TECHNOLOGY, KANPUR 


I IT Kanpur 
July 1976 




POSTGRA!^' *'li;(^FFiGE 
This h 'I ,i 

for ^ . . s [ 

, M '> ' / . .V .... / . 

^ i*-\ *.1- ,'i J ' 1 - 1 j i.'‘‘ 

> . . ) iS (.;• f. i : s ; i ’ ?i* 

i CC. 1 .i ..ji ■ . .a4|T>iJf 

u.,=d. /6,7.7/''2V 


•* ; 


t 



AGOOWliEDG-EMMT 


The author feels indehted to Dr, E,P,E., Prabhu 
for his constant guidance and aacouragerient in the 
anconplishnont of a task which needed doep onaJ-ytic 
study and colossal progromning effort. With all his 
technical talent and practical know-how. Dr, Prahhu 
could always roconnond ’ easy— to-inplonent • solutions 
to all intrica.te and puzzling p>rohlenSc 

The topic of ’Fault-Sinulation ’ was, however, 
introduced first by Dr, K.D, Kodandaponi who ha.d 
cultiva,ted enough interest in the author to und.ertakc 
this work. The stinuD.us and notiva.tion provided hy 
hin is acknowledged with gratitude, 

Aaongst others, the naaes of Shri S, Kapoor and 
Sri R.P, Suri of Conputor Centre, Indian Institute of 
Technology, Kanpur, need a spociaX nention for their 
occassional help in debugging the sinulator program 
in its development stages. 

Pinally, the author would like to thank Mr, H,Z, 
Kathani for typ)ing the manuscript. 


I IT Kanpur 
July 1976 


- Maj or B.K. Bhati 



INDEX 


ABSTRACT 

LIST OE SIMBOLS/ABBREVIATIONS 


Chapter 1 INTRODUCTION 1 

1 Objective 1 

2 Necessity 1 

3 Approach and Scope of Work 3 

Chapter 2 REVIEW OF SIMULATION TECHNIQUES 7 

1 Terrainology Used 7 

2 Existing Fault Simulation Techniques 11 

3 Fault Simulation by Armstrong’s 22 

Deductive’ Method 

4 Comparison of Parallel and Deductive 37 

Tecnniques 

Chapter 3 IMPLEMENTATION OF DEDUCTIVE METHOD 43 

1 Assumptions and Approximations 43 

2 Problem Analysis by Flo-wchart Method 45 

3 Tabular Representation of logic Circuit56 

4 Development of -True Value Simulator 59 

5 Fault Simulation Procedure 60 

6 Results and Discussion 73 

7 Facilities and Instructions for 77 

the User 

Chapter 4 FUTURE DEVELOPMENTAL SCOPE 82 

1 Fault Simulation on Sequential Circuits 82 

2 Additional Faults Possible 90 

3 Variable Time Delay Simulation 91 

CONCLUSION 92 

REFERENCES 93 


APPENDIX A - Computer Program 



ABSTRACT 


Tlio iieGcl for Q,ccurate, flexible and efficient 
fault sinulation has steo^dily increased during the 
recent years due to the increasing conplexity and 
dinension of logic circuit design. Fault sinulafion 
is beconing a very important pajrt of many design auto- 
mation systems, 

V-arious techniques exist for the develox3mont of 
these fault simulation systems. The DEDUCTIVE approach, 
compoxed to PARALLEL fault simulation methods, has a 
unique attribute in tha,t the fault-free circuit and all 
the faults can be treated in one simulation pass. For 
larger circuits this method, in the literature, has boon 
considered far more efficient althou^^i, due to the 
unpredictable nature of ‘FAULT LISTS’ behaviour, the 
requirement of efficient dynamic storage management is 
vital and is reported to present a serious problon 
(as well as challenge) to the implanentor. 
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¥e have attempted to inplenent this techiiic[ue for 
conhinatorial logic circuits. Only the ’STUCK— AT' type 
of faults have heen modelled and the accuro.cy possible 
with ’ 3 -VALUe'- simulation using a ’TOUT TIME DELAY MODEL’ 
has been considered. The dynamic storage allocation has 
been ma,dG using extensively the ’LIKKED LIST DATA STRUC- 
TURE’ concept. Simulation efficiency ha,s been increased 
by following the ’SELECTIVE TRACE’ procedure and by 
designing algoritlms for fast set operations. A lot of 
flexibility has been incorporated in the simulator by 
leaving enough scope for subsequent inclusion of higher 
levels of simulation capability (viz., ELEMEMT and 
EUKCTIOKAL levels), though we have restricted our work 
to the GATE level simulation only. It is felt that 
the extension of this model to include variable— tine 
delay for different gates and multi— value simulation will 
be a useful ekercise from the view-point of achieving 
better simulation accuracy* 

In summary, this paper involves the development 
of a fault simulator in EORTRAK TV language for combi- 
nat3i;0nal logic circuits by implementing the deductive 
simulation technique* This is intended to be useful 
both to the logic circuit designer and to the logic 
circuit maintenance engineer. 
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CHiLPTER 1 


INTRODUCTION 


1. OBJECTIVE 

Tills project involves tho dcvolopnont of a fault 
simulator in FORTRiUT IV longuago for combinatorial logic 
circuits. Tho simulation tocliniquo adopted is iYRMSTRONG-* s 
concept of * FAULT LISTS’ ■which is tho key- tone of the 
’DEDUCTIVE' o,pproacho The program is machine-indepondent 
though its implomenta,tion has boon tried out on IBM--704-4 
computer. 

Tho main aim of this exercise is to help tho logic 
circuit designer in tho derivation of fault-detection 
test-sots, and in the logic verification of his circuit. 
Also fault-diagnostics on equipments using logic circuits 
con bo made easy by simulating the circuits and by gene- 
rating a f a.ult dictionary for the same. This one-time 
record, tho fault dictionary, shall facilitate maintonance 
and economize on time. 

2. NECESSITY 

As the level of logic circuit integration incrcasoSj 
it becomes more and more difficult to build 'bread board* 
models. An effective computer simulation of tho logic 
circuit becomes vitad. under these circumstances. Also 
since the designer of the circuit feels interested in 
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thG faulty circuit under different input 

conditions, Toecomes necessary. 

Moreo^ror. interest of speedy mcdntenanco of an 

cc^'^ip^^GXiij "'-'-SiPxx^ 1 . , . , • ^ 4 Q '^o p s s rorv 3!?G<i'^GG 

^ ^ --^ogio cireux-ts. xt xb iioCOobc,ij-o^ 

■;;iao 'dom^ttoa. equipment to inereaeo Its ’period 

of avoilatrli-bvt rn^a- o r^on In achioved only 


of availatili-byt achioved only 

ty curtailing ^ fault^diagno sties ' . To 

assess the faulty by monitoring uavcfoims at various tos^ 


assess the faults by monitoring uavcfoims at various tost- 
poants in the circuit is a lahorious task conpared to 
o:.:onining the simhlcbod output hchaviour of the circuit 
vor a given ixyp^. eentina/Giono The prohloa hocomos more 
pronounced as b^o -the circuit hicr cases. Know- 


ledge, empei;-. 


vaidahlCf., Q, <5s.(, 
proTolom tGcoinQ^ 


^^00 and rcaction-tme of operators heing 
''S-'^andordized solution of the fault-diagnostic 
important. The requirement obviously is 


of of the ’universal’ typo, which can 

be used for- categories of logic circuits. It should 

even bo possible to simulate on a large digital computer 
any other sub-systems, and study 

the response gt^ulatcd system to,. different input 

stimuli to functional porformonce of tho some. 


In~casG of 


assess the c? 


^^bouGous results, it should be feasible to 
^"hse -n-i Ti— noint the fault. 


^e and pin-point the fault, 
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¥ith tho rapid advanc omont in digital IC's toclino- 
logy, various digital simulation toclmiqucs arc gaining 
increasing importanco. Concurrent simulation of fault~ 
free circuits and the effect on the cimuit of a ' sma.ll 
sot ' of single permanent faults is acMoved "by the ’Para- 
llel Simuln,tor’. The ’Deductive’ sinulator', on the other 
hand, simulates concurrently the fault-free circuit and 
the effect on tho circuit of ’ all* single permanent faults. 
The latter a.pproach ha.s Icon preferred for implementation 
for its novolty and uniqueness, 

3. APPROACH MD SCOPE OF WOBK 

The basic logic device is a ’G-ATE’, This could bo 
an AHD, OR, HAHD, HOR, XOR or an IWERTOR (HOT) gate. 

’ElIP PLOPS’ or ’GA.TBS grouped with PLIP PLOPS’ are termed 
as ©jEMEHTS’. Tho main difference between a ’gate’ and 
an ’element’ is thoi the latter may bo multiple input and 
output devices, -vdailo gates are essentially a single 
output device. Also ordering of inputs and outputs for 
elements has a definite significance in evaluation, 
whereas the ordering of the gate inputs need not be consi- 
dered in evaluation of the gate. A natural extension of 
an ’element’ level simulator is a ’ functional * simulator. 

The difference is only of generality. Per example, at 
clement level wo may have a 4** input, 16-output decoder. 
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At the functional lovol ¥c shall have only an F-input, 

IT 

2 output decoder uhorc -IT' Is specified ly the uscr„ 

The ahovG discussion i_s norcly to define the scope 
of simulation work und or i alien r Only ’GATE’ level models 
have been considorod for roasons given below: 

(a) It is more gen. oral o. model and can encompass 
both the functiona,! and clcnont level models by brealeing 
them up into their ba,sic const! tuontSo Per example, the 
flip-flops can bo expanded to their gatc-lcvo3. oquiva.- 
lonccs., 

(b) Inplemcnta,tion of the simulator is made simpler 
since only o. restrictod sot of gates is required to bo 
modelled „ 

(c) It is not aLvays possible to have a purely 

’Element’ or ’functional’ level description of any logic 

circuito Gatos shall have to bo simulated as intermediate 

connecting links thus affirming •'had ’gado’ level Simula';- 
quit 0 

tion is/indispens able. 

The only probable draw-back of gatc-lcvol simulation 
is that when the usca desires to sinulato larger systems 
whoro ga-to level descriptions are neither dcsiralDle nor 
possiblo, then the simulator boconos ineffective. For 
that the scope for addition of olomont level subroutines 
has been left in the program and ’element’ level models 
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can bo easily included witliont compronising with the 
efficiency of the simulator* 

The scope of inplenentation ho,s been restrictod 
to purely comb incite rial logic, though an altempt has 
boon made to discuss the methodology of approach while 
tackling the sioiulalion of ’HIP-PlOPS * -with the deduc~ 
tivo technique. With the addition of subtoutines for 
'flip-flops^ this simu3.ator can bo easily generalized 
to color for all typos of logic circuits. This has 
been discussed in Cha,ptor 4. Pa.ult lists h.avo been 
xTOi-ked out for some of the flip-flops though generali- 
zation of the algorithm remains to bo attempted. 

The simulrlor caters for a circuit with maximum 
of 500 logic gates, this binding having been imposed 
by the consideration of available memory space in the 
host computer (viz., IBM- 7044). 'Linlood List* structirrcs 
have been generally employed in lieu of 'matrix’ form of 
storage and opcralion for better memory utilization. 

To refresh the reader's knowledge on digital simu- 
lation, a brief review of the existing simulation tech- 
niques has been made in Chapter 2. In this chapter 
the 'Deductive toclmiquc' has been discussed al length 
since this concept has ultlmatoly boon utilized in deve- 
loping the siiaulator of Chapter 3. Chapter 3 illustrates 
various developmental stops in the design of the 
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'Deductive Fault Siaulo.tor', an.d ciiunicrates the facili- 
ties provided to the user* Finally in Cliaptor 4 the 
scope of future developncnt has boon outlined. Some uork 
done on the sinule,tion of sequentia,! circuits is oJ-so 
included.. A copy of the program has hcoii a.tte>clicd a,s an 
Appendix a^long with the results obta-ined for a small 
representative circuit. Those results have partly been 
manually attempted in Chapter 3 for ono of the test vec- 
tors. This is for cross-check, verification end proper 
assimilation of the deductive tochniqu.^ . "by the user. 
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CHAPTER 2 


REVIEW OE SIMULATION TECHNIQUES 
1. TERMINOLOUY USED 

Before we proceed to roTi cw various simulation tech- 
niques, let us understand some of the terminology suhso- 
quently used, 

(a) Loffic Circuit : As interconnection of logic 
gates with discrete input values (generally 0 or 1) cons- 
titute a logic circuit. This nay also to termed sonotimes 
as 'OBJECT NETWORK*. 

(h) Digital LO|g:ic Sinula.tion ; This implies the 
making of a realistic nodol of the digital, system's logic. 
This nodel will provide, in the form of computer print- 
out, the signa,l-vs-tine behaviour of output of the logic 
circuit. 

(c) Node ; Every vertex of a directed graph whose 
bronchos are the interconnecting im-rcs in a logic circuit 
is termed as a node, Eor our purposes all logic gates 
shall be considered as nodes. 

(d) Test Vector ; A set of inputs X^(= x^, Xg, x^) 

applied at the 'n* input terminals of a logic circuit,> 
constitutes a test vector. It is that input combination 
which produces an 'incorrect' output when a fault is 
present. For purposes of simulation, this has to be 

7 
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specified either ty the user, or generated randomly. 

(e) Primary Inputs ; Any input to a gate which 
forms a part of the test vector a.pp3.ied is termed o,s 
the Primary Input. 

(f) Primary Outputs ; ¥e shall do fin o primary 
outputs as the outputs of these gates which have no 
fan-out. In case the circuit to ho simulated has a 
global feed hack, we have provided a facility to the 
user of the simulator to specify the desired output 
points in addition to those sensed hy the computer 
from the circuit da.ta. This is discussed in Section 7 
of Chapter 

(g) Tost Points; These are the user— sioecified 
nodes where output is required to he printed for logic 
verific action of the circuit, 

(h) Gate Delays; The time elapsed hoforo the 
effect of an ini)ut change to a ga,tG is transferred 

to its output is termed as gate-delay. It varies from 
one gate to another and is generally of the order of 
a. few nano-seconds. 

(j) Pah^ln j: The maximum nunher of permissible 
input connections to a gate- define its fan-in capability. 

(k) Pan— out ; The maximum nimher of inputs of 
different gates which are allowed to he connected to 
the output terminal of a. single gate 'G' define the 
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fan-out capability of tliat gate ’G‘, Precisely, fan- 
out specifies the loading restrictions on the output of 
a gate, 

(l) Loffic Pa.ul'ti-j A logic fault is the one that 
causes the intended logic function of a gate to be 
changed to sone other logic function - e,g, , an AND gate 
becoraing an OR gate. * Stuck- at- fault s’ are a special 
case of logic faults in which either an input or output 
of a node gets stuck at *1* or ’0’ (briefly written as 
s-a-1 or s-a-0), 

(m) Pault lists ; A set of faults which can indi- 
vidually or collectively alter the true output value 
of a node constitute the fault- list of the node, 

(n) Two. Three or Multivalued Simulation ; ¥henever 

the input signals can take on only *1’ _or ’0’ a.s the 
values, it is called ’two— value simulation’, A natural 
extension is the addition of a ’’BOl^TEROW’ (i»e. , X) con- 
dition for purposes of initialization. This makes the 
’three- value simulation' model (i,e,, 0,1 and X). Multi- i 
valued simulators use more than 4 values for the signals | 
and are effective in the analysis of ’logical hazards’ ! 
in a circuit, ■ I 

(o) Zero, Unit or Assignable Delay Models ; ’Zero’ 
delay simulation models assume that the effect of change 
in signal value is propagated through all the interm ediai 
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nodes to tlio prinary output points -without any d elay. 
’Unit' delay nodel assigns a -unifom fixed tine delay' 
to all the ga.tes in a, circuit, ' Assignable’ or ’Variable’ 
delay simulators basically pemit the assignment of a 
single nominal (avoro^ge) delay to each gate type (e.g., 
each AND ga^te in a logic net-work nay be assigned a delay 
of 20 tine units, -while ea.ch OB. gate nay have a delay 
of 15 tine -units, etc,). This model, compared to 4-zero’ 
or ’unit’ delay models is very significant in achieving 
simulation precision. 

(p) Selective Trace ; This is a technique to reduce 
the simulo-tion time. It is based on the observation 
that if -the output of a gate does not change with the 
change in its input excitaiion, then the fan-out of that 
gate remains -una.ff ected, and need not be evaluated again 
provided all other inputs to the fan-out elements also 
remains -unchanged. In other words, a gate is simulated 
only when one ^ more of its inputs changes state, 

• (q) G-lobal Feedback; A feedback to any node from 
the circ-uit termination point -will be termed as global 
feedback, 

(r) Red-undant Connections ; A connection is said to 
be red-undant if it can be cut without altering the 
output function of a node. 
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(s) Race Gondition : This is applicable to FLIP- 
FLOPS. For a Latch formed by HAIH) gates, a race is 
declared when the outputs of both gates aro sixaul- 
taneously zero, or both outputs of the go.tes are 
scheduled to be changed at the present tine. 

(■t) Oscillations ; A true value oscillation occurs 
when the circuit stale is unstable as a result of some 
input condition. An oscillation is declared if the 
simulator simulates an arbitrary nimber H of incre- 
ments of simulation time, and the circuit has not 
stabilized. 

(u) Hard Faults ; These are those faults in the 
circuit which cause the true output value (0 or 1) of 
the node to be complemented, 

(v) Star Fcnlts ; These are those faults in the 

a 

circuit for which output value ofZnode is not pre- 
dictable. 

(w) Spikes ; A spike is defined to be a signal 

of shorter duration than necessary to diange the state 
of the element, 

2. EZISTINd FAULT SIMULATION TECHNIQUES 

In this section we shall briefly review the 
existing fault simulation techniques to familiarise 
ourselves with the various approaches to the problem 
of ’Fault Simulation’, Basically those approaches oan 
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be classified in either of the folio-wing categories; 

(a) Parallel fault simulation. 

(b) Deductive fault simulation, 

A comparision of these techniques has been made in 
the last section of this chapter, Por the present -we 
restrict ourselves to the understanding of the folio-w- 
ing methods: 

( a) Truth Table Method 

Oompare the truth table of the normal and the 
faulty circuits. 

Let inputs to a combinatorial circmt be 
and the outputs be z^, Z 2 , . . . 

where = f^(x^,X 2 , i = 1, 2, ..., m 

Por any set of faults, P, and any fault a in P, 

Let 




be the value of i-th output when the fault is 
present. 

Then, an input vector = (x^,x^, .,,, x^) ij 
a test for detecting the fault ’a’ if and only if 


f^(x3) f?(x^') = 1 for some i, l^i^m 

This test means the fault a is detected by applying 
the input 1? and observing the output Z^, 
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Examvle 

Consider the circuit shown helow* Assme the wire 
a is s-a-1, and construct a truth ta.hle to detect this 
fault. 

Circuit 



Truth Table 


SI i 
No 

^1 

^2 

^3 

^4 

Normal O/P 

h 

faulty 0/P 

Zi ©z“ 

1 

0 

0 

0 

0 

0 

1 

1 

2 

0 

0 

0 

1 

0 

0 

0 

3 

0 

0 

1 

0 

0 

1 

1 

4 

0 

0 

1 

1 

0 

0 

0 

5 

0 

1 

0 

0 

0 

1 

1 

6 

0 

1 

0 

1 

0 

0 

0 

7 

0 

1 

1 

0 

0 

0 

0 

8 

0 ' 

1 

1 ' 

1 

0 

O' 

0 

9 

1 

0 

0 

0 

1 

.1“ 

0:. 

10 

1 

0 

0 

1 

0 

0 

0^ 

11 

1 

0 

1 

0 

1 

1 

0 

12 

1 

0 

1 

1 : 

0 

0 

0 

13 

1 

1 

0 

0 

1 

1 

0 

14 

1 

1 

0 

1 

0 

0 

! 0 

15 

1 

1 

1 

0 

’ 0 

0 ' 

0 

16 

1 

1 

1 

1 

^ 0 

0 

0 


The above table shows that only the test vectors 
serial Nos. 1,3» and 5. detect the fault ‘a’ s— a-l* 
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These test vectors o,re; 

(s;3_,X2,x^,s;^) = (0,0,0,0)> C0,0,1,0)*, (0,1,0,0) 

In the. language of nin-tems,, this . can he expressed as - 

+ X:-,X_X„X;, + XtXoX_X, = X-,XoS. + X-,X_X. 

i<::o4 i2o4 i2:54 ±24 i:54 

■which is the Boolean expression for representing this 

fault* 


In a sinila,r nanner, tests for detecting other faults 
in the circuit can he detenained. 

This method, as is evident, will he impractical even 
for circuits of moderate size because a. truth table has 
to he constructed for every possible fault. In terms of 
computer time and storage, this teclmique appears to he 
uneconomical. 

( "b ) Method of Boolean Differences 
Boolean difference of a function B(x 2 ^,X 2 , .... 
with respect to one of its inputs x^^^ (denoted by dT'(x)/d^jj^ 
is defined as follows: 


_ B(x^,X 2, 0, x^,) + T'(x2_,Xg, 1,. 

r note - is not a derivative hut a symbol] 

If this means B is independent of x^, . 

m -n / “N 

Similarly, if any change in x^ trjill 

affect the output independent of the values of all x^, 

i ^ i. In general, will he a f-unction of some 

•^xi 

(or all) of the 2 C.’s, j ^ i. 

V 
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The value of the function will depend on the 

value of if and only if the remaining variables 

assmie values such that dT'(x)/dx^ = 1, 

■-3. 

In order to test for a. fault on x^, we set x^ 
opposite to its faulty value and assign values to the 
remaining inputs such that - 1'^-^ ' = 1. The set of tests 
for a fault on x^^ can he represented hy the following 
expressionss 


and 


^i dx^ 

X Mixl 

1 dXj^ 


for x^ s-a-0 
for x^ s~a-l 


Va,rious expressions to find the Boolean difference 
of complex circuits in terns of the Boolean difference 
of sinplor^circuits are given below; 

(i) .a?(^) 


dXj^ 


dB(x) 

dx. 

1 


(11) ^ 44£i 

^ dXj_ 
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(1^) mjniGim p(^) uin + G{x)ncsi 


dx. 

0. 


dx. 


+ 


a?(^) : ■I8(x) 


dx. 

1 


M a[g(x) + G(x)1 ^ ai-(z) 

' ^ "TT* ’TT' 


dx. 

1 


dx. 

1 


dx. 

1 


4” 


dG-(x) 

dx. 

1 
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= 5 (,) ^ 


d&(x) 

dx. 

1 


”f' 


dF(x) 

dx. 


dx. 


1 1 

Tests for cja internal wire ’h’ in the circuit can 
he found hy expressing f as a function of h, P(x^,X 2 , . 
X|^,h), and h as a function of the inputs, h(x^, X 2 ,..., 
Then h(x 2 _» 2 C 2 , x^) • df/dh gives tests for 

’h’ s-a-0 and ...» x^) • df/dh gives 

tests for ’h’ s-a-1 

HOTE: The a.hove results are neither being derived 

nor illustrated since these will not he 
relevant to our fa.ult diagnostic technique. 

For details the reader nay refer to [1]. 
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Example 

Consider the circuit shown helow. Derive the tests 
for the wire ’h' s-a-0 and s— a-1* 



F = + tj{K^+X^) = X^X2 + 

= G(X^,X 2 ) + H(x^,h) 

By formula (vi) atove 


# • 
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ill _ ^ ^ 

dh " ^ dh ^ dh * dh 

= (i^+x^) (+) 0 (+;» 0 t= f ^ 

Tests for *li’ s-a-0 are given "by - 

h.fl = {Xj + X^) = V3 + V4 

and for ’h* s-a-1 are given "by - 
h dT/dh = (X^+X^) X^ = 

Main linita.tion of this method is its applicability 
only to single output combina,torial circuits. 

(c) Path Sensitizing Method ; 

Instead of using Boolean difference method to de- 
termine the conditions imder which a change in the signal 
value on a wire in the 'circuit will affect the value of 
output, the conditions for propagating a change to ^n 
output along any path c an be determined from a knowledge 
of the logic circuit. This is done by assigning input 
values to each gate along the chosen path such that its 
output depends on one particula,r input. The conditions 
required for a change in one of the inputs to a gate to 
cause a change in its output depend on the type of 
gate involved. 
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For MD and NiUTD go,tes all inputs except the chang’- 
ing one should be H.*, and for OR and hOR gates these 
should be ’O’o In general;, all inputs, except the 
changing one, shorild bear the ’non-doninant ’ value for 
that gate. 

Procedure for deriving tests using this method; 

(i) Fanlty wire is assigned a value opposite to 
the fault condition (i.e,.. , ’1’ for s-a-0 fault and ’0' 

for s~a~l iault)o 

(ii) Ohoose a pafch from the fault to one of the 
output terminals c 

(iii) Inputs to the gates along this path are assigned 
values so as to propagate any change on the faculty wire 
along the chosen path to the output terminal. The path 
is now said to be sensitized, 

(iv) Trace back from the gates o.long the sensitized 
path towards the network inputs, and assign values to a 
sufficient number of inputs to obtain the desired signal 
values in the circuit. This procedure may not yield a 
unique set of inputs for sensitizing a particular path. 

An a. rbitrary choice is made wherever different possi- 
bilities exist. 
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Refer to the circuit diagrcxi sliOKti below aad explain 
the concepts involved in the path sensitizing technique - 

— 


oc 


Xj- 


lBt)- 


D> 


|C 


i 1 

i 

E 

j 1 





-Zi 

-Za. 


^ 

Let the OLit-out of ROR gate ’B’ be s^a~Oo 
(i) to detect s— a-0 faults we requii^e output of 
B = 1 


(ii) Choose to sensitize the path BDE to oxitput 

(iii) i^Otf for Z~^ to be Ij, A = 0 and C = 1 is one 
of the conbina.tionsc 
But B = 1 inplies X 2 = 2 :^ = 0 
This also naJces A = 0 which we needed, 

(iv) But in order to make G - 1^ x^' = x^ = 1, This 
contradicts the value assigned to x^ previously, 

(v) If we start with A=:l and C=l, then X 2 has to 
be necessarily = 1 which does not nalce B = 1. 

(vi) Since these are the only two possible combinations 
of values for A and C and BDE is the only path 
from B to it follows that the fault *B* 
s-a-0 cannot be detected at the output Z^. 
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However, this fault can he detected at since 

= 0 sensitizes the path B? and also nalces B = 1, 
Inputs x^ and x^ remain unspecified for this test, meaning 
thereby tha,t all input conhinations "vri-th X 2 = x^ = 0 will 
detect this fault a.t Z 2 « 

The main dra.w-hack of this method is that it sens!” 
tizes only one path in the circuit at a time. Hence the 
procedure is inadequate. 

However, the concept of fa.ult proijagation explained 
in this method will he utilised hy us in the DEBUCITIVE 
TECHNIQUE and it ^ould he clearly understood. 

( d ) B-Algorithm Method 

In this method it is important to identify two special 
types of inputs to a logic block givens below; 

(i) Eirst type ane those inputs which cause the output 
of the block (assuming single output blocks) to be different 
from its normal value, if a given fault is present in 
the block. These faults are represented by the 'Primitive 
D-cubes of the fault’, 

(ii) Second type of inputs, represented by the 'Propaga- 
tion D-cubes of a block’ a.re those tho.t cause the output 
of the block to depend on one or more of its specified 
inputs (and hence to propagate a fault on these inputs 
to the output). 
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¥e diall not go into various definitions involved, 
nor shall we attempt to discuss the methodology of this 
technique since these concepts are not utilized by us 
subsequently, but we explain with the example below the 
meaning of ’Primitive’ and ’Propa,gation ’ D~cubes, (For 
details refer to [1]. 

Example 

For a simple block (say- FOR gate), and simple 
faults like an input s-a-l, both types of D-cubes can 
be written down by inspection 



Say, if the input load ’a’ is s-a-1, 
a = 0, 1 = 0 mil cause the output c = 0 if the 
the fault is present, and c = 1 otherwise. 

This is represented by the following primitive D— cubes 
of the fault 

^ ^ where ’D’ represents the condition 

under which the normal output is ’1* and the faulty 
output is ‘0*. ( Note: This choice is arbitrary and 
opposite choice could have been made, ) 

On the other hand, if we are interested in pro- 
pagating the effect of a fault (external to the 
particular gate) through the NOR ga,te. 


the following D 
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cubes of the block ure of interest, o.ssuning that only 
one input to the gate nay be faulty 

a ^ 2 . 

D 0 5 

0 D " 5 

Here the interpretation of the synbol D is slightly 
different, D may be *0’ or .11’, but all D’s in a D-cube 
always have the sane value (D is the conplenent of D), 

The drawback of this method is its inability to 
simulate all the single faults in the circuit simuliia- 
neously. 

( e) Armstrong's Simulation Technique 
Armstrong makes use of a procedure similar to 
path- sensitizing. For any given test, the normal machine 
is simulated and the results a.re used for determining 
the set of faults detectgdby it. 

This method wo have discussed in detail in the 
following section. 

3. FAULT SIMULATION 3Y i'\B]yiSTRON&» S DEDUCTIVE METHOD 

Discussed below is the concept of Deductive technique 
as projected by Armstrong with ,'^ome additions and modi- 
fications as suggested by various other authors on 
this subject (Refer [3])1* 
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In '^iaio Gimulation approach, Douglaa B, Armctrong, 
(Refer 1-5 haa ■benned all haoic logic elements (i.e., 
gates and Set/Heset Flip Flops) as BODES. A gate is 
represented by one node, while a flip-flop has two nodes 
(one each for its i.npn.t terminals). 

( 9-) D eyelling of Bodes : Yarions nodes can be . 
grouped under different logic levels as classified 
below — 


(i) First level nodes - These are the nodes 
having at least one of their input termi**, 
nals connected to primary input points, 

(ii) Second level nodes - Atleast one of their 
inputs is connected to the output of the 
first level nodes. 

(iii) n-th level nodes - In general, n-th level 

nodes are those having atleast one of their 
inputs connected to the output of (n-l)th 
level nodes. In case another input of the 
same node is connected to the output of a 
(m— l)“th level node, then this node also 
belongs to the m-th level. This indicates 
that any single node can belong to several 
levels depending on its EABIN connections* 

(b) Simulator Structure : The simulator is table** 
driven. The circuit description is contained in tables 
which are accessed by the program during execution. 
Simulation is at gate level though several gates may 
sometimes be grouped into a single logical unit (called 
element). The simulated program updates its computation 
at successive fixed intervals of simulated time equal 
to the average delay per gate. The variation in delays 
is considered to be too small to affect the results of 
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simulation and no ra«e analysis are undertaken. Feed- 
back loops in the circuit are not identified and do not 
affegt the program. This is because of the assumption 
of fixed delays associated with every gate. The 'selec- 
tive trace tecl.nique' is usef^ to avoid reeomputation of 
nodes with unchanging input vectors. In other words, 
the output of any node is computed if and only iff one 
or more of its input values changed during the preceding 
simulation interval. 

(c) Simulator Operation ; In the simulator, the 
identification of nodes by levels is provided aut#mati«all 
by means of a linked- list structure which desoribes the 
circuit topology. No formal levelling of nodes is ne^or* 
ssary# At the beginning of simulation the linked list 
circuit description is stored in the host computer* 

Then the application of test vector to the circuit 
input terminals is simulated. The true*value ou^uts 
of the first- level nodes are then computed in response 
to the applied test vector. 

Vi/henever the output of a node is computed, the 
list of single faults which will cause the output of 
the node to be different from its normal value is also 
determined. This is called the fault list of the n#de. 
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likewise the simulator computes fault lists associated 
with the output terminal of each first level node. The 
faults in a particular list are the ones arising within 
the associoled nodes, and vhich are detectable at the 
nodes output terrainala when in its current logic state. 
That is, each fault in a list, if inserted singly in the 
circuit, would cause complementation of the true output 
of the associated node, 

Next the true logic states and the associated fault 

lists for the second- level nodes are computed. In this 
case, and for all succeeding levels of nodes, the faults 
in a particular list arise frm two sources discussed 
below; 

(i) the faults arising from within the associated 
node which are detectable at its output when 
in the current logic state* 

(ii) the ifiaults which propagate to the input 

terminals of a node from the previous, level ’ 
nodes, and are transf errable to the output 
of this node in the current logic state. 

The above computations are repeated, level by level, 
throughout the circuit. In this manner a faultr-list is 
generated for each node output and is updated, as 
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nececsary, for every change in the input vector. These 
fault lists provide a d 3 mainic record of all faults that 
are doteotalle o:t the output of the associated node at 
the current simlation time, during execution of a 
sequence of tests, 

rr Q r vS ymp toms,conGistiag of 'signal v alu e s on 
monitored outputs in the presence of faults, are deter- 
mined from the fault lists of these outputs as shown 
in the following example: 

Example 

The figure below .shows true value outputs and 

associated fault lists at the primary output points 

and 

of a logic block. Find the 'fault/ error symptoms co- 
relation table' for the input combination specified: 

^a,b,c,d) 

■ Q . -^ Z2 I®-*®*®} 

g),c,dj 

Since fau3-t 'a' appears at both the outputs and i 
22 , its error symptom will be 111 j i. e. , the output | 
value 111 at Zq, Z 2 , respectively will indicate | 

the presence of fault 'a' in the logic circuit, like-wisd 
other error s 3 niiptomG can be determined and tabulated as 
shown below: 
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a 

t c. 


Error-Symptoms 

^3 

111 
10 0 

1 1 0 
10 0 


Sucii a tabulation wnich identifies the physical 
location of o fault can, be termed as ’EAULl DICTIOKARy . 

((3.) Eaul t L ist Evaluation Technique : Let us first 
demonstrate the derivation of the fault-list for a 
NOR gate shoi-m below: 



(i) I'he fault lists associated with the input 
terminals of the NOR gate are specified 
by A,B,C,D, respectively with specific 
faults listed as shown therein, 

(ii) The test vector is 1100 

(iii) The true output of the gate can be 
evaluated and is equal to 'O', 

(iv) ¥e require to compute the fault list 
'B' associated with the output. 

It is observed that several faults appear in mor^ 
than one fault list. This indicates re-convergent fan- 
out which means that the effect of these faults will 
propagate to the NOR gate under consideration alang 


2d 


different paths, -wheii the pa.r'tic'u.lar iaput combination 

Id applied to the circuit. 

In order for the effect of a fault to prorogate 
throxigh the UOR gate, the output must change to ^ , 
and. hence all inputs must he ’O’. This is possible on.13/ 


for fsiults that are contained both A and 


t- 


br.t 


not 'U ' or *5)1 If the. fault causing the output of tne 




gate to be s-a— 1 is denoted hy ’f’» we iiave- 


3 = AnBnC0D U {:£\ 

= aa B A COHd) u If } 

= [a,b,c,d} A 

ia,b} /\{a d} U, I f j 

= {a,f j 

■which is the fault list at the output. 

In the same example, 1^ normal inputs to NOR gate 
are 0010, and the input fault lists arc unchanged, the 


fault list at the output 

E = [ f } VHRIFYI 

Fault Usts for other types of gates can be deri-^ed 
in a similar manner as illustrated in the above example. 

But let us try to evaluate fault list at the output 
of following circuit with multiple nodes so as to acquire 
a better understanding of the concepts thvolved. 
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Example 

Figure below shows the normal signals with the test 
X 2 _ ^2 ^3 ^4 Denoting s-a~0 and s-a-1 faults by 
subscripts 0 and 1 rospectivoly and' the fault list of ea 
pin by the corresponding capital letters, we ol^tain the 



The true value at the output of each node has been sped 
fied. Fault lists are as under; 

A = {aii 
B = (bii 

C = {A U tOii = iCj 

B = {dp 

B = {D TJ C| 0 jej^) = 

G = E U |gp = 

H=jhp 

^ = 1 %!- 
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J 

= E U { 

11 

O 

H 

^1» ®1»^1 \ 

K 

= I U 

H U { kj 

il,hi,kij 

L 

= J u 1 

IqI - 

M 

= (h C\ 

i) u 

= 1 ^1»^1'^1»’^1 j 

N 

= (0 A 

5') u {n^j 


P 

^ N U W 

[U{pJ = 



It is observed thst for this particular input combir- 
nation many results can be detected at the Primary output 
point P, 

Let us understand how the fault list 'M’ has been 
■worked out as -* 

M = (E i) U 
at the output of node No. 6. 

Since the true output value is 'O’, any fault that 
@;an change it to ’1’ qualifies to be included in list 
These faults are as follows: 

(i) output struck at *1’ i, e. , 

(ii) output of node *3' should be ’1’, i.e*, 
fault list should be effective. 

(iii) but for fault list ’K’ to be effective, 
output of node 5 should not change. In 
other words, fault list should be inr- 
eff active. 
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Conditions (ii) and (iii) above at liie input of 
node 6 can be combined into a single condition, i*e, , 

(K t) 10, and added to it the output fault of the node 

result in the fault list *M*. 

(e) Amroac A to A lfi orithm Ceneration for Eault 
iiast Byluation (Hefer ^ 

The example below illustrates the procedure for develop- 
ment of an algorithm for evaluation of fault-list for 
a NAiTD gate. Similar procedures can be made for other 
types of gates also, 

Example 

In the figure shown below, the Internal faults of 
gate E are numbered from 6 to 10, and those carried from 
the previous stage (i»e,, external to the gate) are 
numbered 1 to 6. The input fault lists associated with 
various pins are A,B,C,D with various faults specified 
against each as shown. Verify the output fault list 
by a procedure which can be implemented by the computer. 



-VM 

FAIT LIST 

0 

(1,2,3,7,8,10) 

0 

(2,3,4,8,10) 

1 

(4,5,8) 

1 

(2) 



_ Output 
ITrue fault 
Val list 


1 fr?7iV3, 
11 ) 
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Faults tnterBEil to aro ;v 

6 Input A open 

7 Input B open 

8 Input G open 

9 Input D open 

10 Output G-a-1 

11 Output G-a-O 

Notice that the input fault list contains seme 
fault names on gate E (ioe^, faults 7<C,10 on jmput At 
8 asid 10 on input B, and fault 8 on input 0), -vdiieh were 
previously calculated and propagated to gate B again due 
to the presence of circuit feedbacks. Three observations 
are necessary to handle the internal faults: 

(t) For a *0’ inputs the corresponding, input open 
fault behaves as though it were always in that input 

fault list since it forces that input to value *1*# Thus 

faults 6 and 7 will be treated as thou^ they were in 
the faul’jj lists on inputs A and B respectively, 

(li) For a *1’ input, the corresponding input open 
faoilt behaves as though it were never in that input 

fault list since it cannot force that input to the value 

’0*. Thus faults 8 and 9 will be treated as though 
these were net in the fault lists on inputs C and D 
respoftively^ 

(lii) If the gate output value is l/Q, it must 
contain gate a^orO/ape^l fault and cannot contain the 
gate fault# Thus fault No^ 10 is 

from the output fault list and fault No. 11 Is added to 
the output fault list* 



With the incorporation of these observations 
into an algorithm, the output fault list should be 
worked out as ^ 

E = n n 9 9J n {u^ 

& ilOj~(I) 

[Note: Notation '9' represents difference 
of two sets] 

= [(1,2,3,6,7,8,10) A (2,3,4,7,8,10) A 

(1,2,3.6,7.8,9,10,11) A (1,3,4,5,6,7,8,9,10,11) 

U (11) © (10)j 

= {(2,3,7,8,10) A (1,3,6,7,8,9,10,11) U(ll) © ( 10 ) j 

= [(3,7,8,10) U (11) 9 (10)j = [3,7,8,11] 

In summary, the output fault list computation for 
a NAND gate with no unknown inputs and no star faultu; ..s 
described below: 

(i) To account for the impact of internal faults, 
form 'temporary 0 lists' which are union of the '0 lists' 
and their corresponding input open faults, form 'tempo- 
rary 1 lists' which are the '1 lists' minus (i.e., SET 
DIFEERSNCE) the corresponding input open faults. 

(ii) Form the *temp, output fault lists* from the 
'Temp. 1 lists’ and 'Temp, 0 lists* as follows; 

1, If some inputs have the va?-ue 0 and the 
r(3aainder have the value 1, the temp...,, 
output faiilt list is obtained by forming 
set intersection of the 'temp 0 lists' minus 
the sot UNION of temp, 1 lists*. This is ■ 
evident from E<in.(^I) since the same can also 
be written in the following form 
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2. If all the inputs have the va3.UG 0, the 
temp, output fault lifjt is ohlraincd hy 
forming tho intersection of all the 

’ t emp 0 li st s ’ . 

3. If p-11 inputs have tho va'ue 1, the temp, 
output fa.ult list is obtained by forming 
the union of all the ’temp. 1 lists’. 

4. Pinal- output fault list from the temp, 
output fault list is obtained by merging 
(i.e., UlllOh) with it of the output fault 
that may change tho true output value of 
the gate and by removing- (i.e., Dli'I’SRENCE) 
the other output fault from the temp, fault 
list. 

( f ) ¥hy Call it a Dedu c t i ve Tech n iquo ? : fault 
simulation approach can be either liTDUCTIVE ^r DEDUCTIVE. 
In the INDUCTIVE method singlo pormrnent stuck-at faults 
are induced into the circuit and are propaga.ted to the 
primary output point by various technique discussed 
earlier. In tho latter approach, at every nodal point, 
after evaluating the true output va,lue, a ded-uctionis 
made as to which possible faults, upto that point, can 
alter the output value of the node. All ouch faults 
a.re grouioed together to foim a fault list. Since this 
deductive process is repeated till all nodes have been 
simulated and the circuit values have stabilized, this 
0 ,pproa-ch has been termed a.s the ’DEDUCTIVE’ technique 
of fault simulation. 
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(g) Main Ch^xaptoriaticG of the Deductive Simulator s 
An implementation oi the deduoxi-vc aimulator has follfwing 
salient characteristics: 

(i) It is table driven (not compiled) i.o,, desQrip^ 
tioii of lovic ci.rciiit to be simulated is storod 
in a tabuion form in rho host computer. These 
ts,bJ-es exo accessed bv tlio oimuirticn. program as 
necessary. Simulation proarem i.o circxiit in- 
dependent, but a new set of ti’ioles is required 
for each distinct circuit to be simulated. In 
contravSt, it may be approprintc- to mention here, 
the compiled Bimulators contain the description 
of the circuit implicitly in the simulation 
program thereby requiring recompiling for ea.ch 
distinct circuit, 

(ii) It models the d ynamic behaviour of the simulo-ted 
circuit fairly closely i.e,, it upd<ates the 
computations at successive uniform intervals of 
simulatod times IT, 2T, 3T where T is equal 
to the average ga.tc delay. This results in 
accurate time modelling to the extent that all 
gates have the some nominal delay T, and the 
variation in gate deloys from the nominal value 
in the actual circuit is sma,ll, a condition vihich 
in -fact holds for many of the circuits being 
simula,ted. Through some simple changes, the 
simula,tor could be arranged to simulate a diffe- 
rent delay for each gate, thou^ at the exponso 
of increased simula-tion time. 

(iii) It employes the 'SELECTIVE TRACE' procedure. 

It leads to economy in simulation provided the 
logic nodes are simulo.tod in the same order as 
they occur in the logic flow, Tho desired 
ordering is achieved by tho use of a linked list 
ct"''ucturc for the tables devseribing the circuit. 

It ensures tliat the first set of nodes to be 
simulated are those conmjctod directly to the • 
primaxy inppt points, those to be simulated next 
are those fed by tho first set, and so on. In 
this manner the propa.ga.tion of signals throu^ 
successive logic elcmionts a.ro cimula.ted until 
all logic states have stabilized. If oscillating 
loops are present, in which case the circuit 
never stabilizes, 1iie simulation can be tenaii^ted 
after an approprio.te time specified in tho 
simulator. 
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(iv) Three logic states are sinaulated, namelj'' zero, 
one and DOE'T E1T0¥. The latter state is use- 
ful when the complete internal state of the 
circuit is not hnown at the heginning of simu- 
lation, or the test conditions applied to the 
circuit a3re not fullv specified. In brief, 
b'?.is ’don't hnou 'state helps in initialization 
and f ac i 2 i t at e a s imul a t i on . 

On) 3p. e ed o f Imn -lem o n t at j. (,rix ; ¥e heve observed 
earlier in Section abono that fault list evaluation 

primarily concerns with the imp2.e.nent ation of basic set 
operations 2-ike 'set intersections’, set unions', and 
’set differences’. Predominant percentage of simulation 
time is occupied in performing these computations. The 
underlying operation comraon to all these set operations 
is the matching of fault enteries in two or more lists. 

A straight forward procedure for performing the matching 
operation on lists requires a number of computational- 
steps proportional to the product of list lengths. The 
use of such a slow procedure would prohahly negate the 
potential speed advantage of the deductive simulation 
method. It is of utmost importance to use more efficient 
procedures those set opera-tions to reduce simulafion 
time. 

( i ) S,imiilst ion flops and other Complex Devices 

It is difficP-l-t compared to a gate to determine fault lists 
at the output of a flip flop since the latter can ’remember’ 
the effects of faults which were propagated to its inputs 
at a previous time in a test sequence* 
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This we shall "be discussing in detail in the last 
chapter. 

4. COMPARISON OF PARALLEL AIID DEDUCTIVE TECHNIQUE 3 

Before we endeavour to compare these two simulation 
techniques, let us understand briefly the methodology of 
the PARALLEL SIMULATION approach. 

Parallel fault simulation is the simulation in para- 
llel of a number of copies of the object network. These 
copies are normally referred to as machines. One machine 
represents the fault-free network and is known as the 
good machine, and all other machines represent the object 
network with atleast one fault present. The number of 
machines that are simulated in parallel is normally cons- 
trained by the number of bits in the host computer word. 
Procedure followed may be as under: 

(a) Initially all the faults to be simulated are 
stored in a ’Master Fault' Pile’ ^ich may contain the 
following type of information: 

(a) fault number 

(b) fault type (i.e., 1 = s— a— 1, 2 = s— a— 0, etc.) 

(c) si£inal position (i.e,, -1 = signal fault. 

0 = complex fault etc, , indicating also the 
faulty pin number) 

(d) Name of element 

(e) Name of signal. 
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(B) During actual simulation, the records describ- 
ing some number of faults to be simulated in parallel can 
be read from the master fault file, temporary fault tables 
can be created, and a simulation pass can take place. 

(C) At the end of a fault simulation pass, additional 
number of faults can be read in and the same process con- 
tained until all faults are simula,ted, 

(D) Now is the requirement of detemining an algorithm 
for propagating a nimiber of faults in parallel. This, in 
other words, is the selection of the data-structure which 
will be used to represent signal values. One possible 
data structure for 3-value signals (0,1, Don't know) in a 
parallel machine may be as follows: 

(i) represent adjacent bit pairs for the value 
of a signal for one machine. 

(ii) reserve the right most or left most bit pair 
for the good machine, and use other bit pairs 
for faulty machines. 

(iii) Let bit pairs 11 mean 1 

00 mean 0 

01 mean X (i.e.. Don't Know) 

10 either not used or 

represents X 

(iv) number of machines ’which can be simulated 

_ No. of bits in host computer 

2 
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Example 

Consider an MD gate -with the three faults shown 
in the figure below resulting in faulty machines E-j_, 

^ 2 * Make a data structure for simulation of 

4 machines in parallel (including one good machine 'C) 


Inpu.t 

1 

0 


AND 


■^NAND 



s-a-1 (F 2 ) 


Type of faults are: 

(i) Pin B s~a-l’ faulty machine named 

(ii) Pin C s-af-l> faulty machine naned P 2 

(iii) Cate changes its function from AND to NAND> 
faulty machine named E^. 

For the input combination A,B = (1,0), and with fault 
insertion, the four machines will give following results 
stored in the computer; 

Pp Pi G- 

INPUTS 

B 

OUTPUT C 



00 

00 

00 

00 




_ 11 _. 

11 

11 

00 


11 11 11 11 
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With this much hackground of parallel fault simu- 
lation we attempt to compare this technique ^d-th the 
deductive approach. Poliowing points may he considered: 

[a] since infoimation regarding all the faults in 
a circuit is first stored in a -master fault’ file’ for 
para.llel simulation, everytime the cir-cuit description is 
modified this master fault file would have to be created 
anew. Creation of such a file is not necessary for 
deductive fault simulation. The t3?'pe of faults to be 
simulated for different types of gates is pre-specified 
and the simulator automatically takes into account all 
these faults simultaneously for each of the nodes being 

simulated, i 

[ 

I 

[t] the number of machines that are simula.ted in ; 

f 

parallel is noimally constrained in some way by the number | 

of bits in the host computer word. A maximum of K faults | 

i 

can be simula^ted per run -idiere N is the number of bits | 

I 

in the computer word. If a total of M faults are to be | 

simulated, then M/U runs are needed to determine all 
detectable faults per input. In the case of deductive 
simulator only one simulation run is nec-essaiy for each 
applied test vector. 

[c] the simulation time per run for the deductive j 

simulator is proha.hly much longer than the time per run 

is 

for paralioi simulat or f , tut /^expect eo- to he much less than 
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' for M/N runs whi^ tho parallel method requires to 
accomplish equivalent results. One reason for this 
pttential time reduction is that deductive simulator 
performs computations on each fault along only the 
partlQuler p^-ths that are sensitized to pr|pagate its 
effects. In contrast, the parallel method performs 
computations along all paths for which the effects of 
any one (or more) of the N faults in the hateh "being 
simulated continue to propagate. The latter may, there- 
fore, perform much unnetessary computation, 

[d] singe the number of runs end hence the time for 
simulation ingreasoe /with the increase in number of faults 
injected, the parallel simulator will probably be more 
effective for small size circuits vjith less number of 
associated faults^ The deductive simulator, in ccmiparison, 
x7ill be far more effeftive for large size circuits with 
large ntxmber of faults to be simulatod. 

[e] a potential disadvantage of the deductive simu- 
lator is that it requires considerably more manory space 

I 

in the host computer than does the parallel method. Also,! 
the cottount of memory needed is not accurately predictable j 
prior to a run, so dynamic manory allocation becomes i 

desirable. And because of this dynamic memory allocation 
using linlced*-li 3 t structures, the implementation of the 
deductive technique is a more complex process oempared 
to para^^el fault simulation. ^ 


[f] implementation of deductive tochnique needs 
development of special algorithms for fast set-operation 
The speed of fault simulation is directly affected hy 
the speed at which these operations can be perfomed. 
However, no such problem is encountered in parallel 
fault simulation. 
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CHi\PTER 3 

IMPLEMMTATION OP DEDUCTIVE METHOD 

In tills cliapter vre shall develop the SIMULATOR step 
hy step indicating the approach o^ctually follovfod. Eiow 
chart analysis of the prohi^'- Leon considered nece- 

ssary to indicate the basic structure of the simula.tor 
'program' so a.s to facilitate the roider in grasping easily | 
the subsequent discussion. t 

ASSUMPTIONS AID APPROXIMATIONS | 

(a) It is assumed that interval of simulation is equal ^ 

to the average gate delay, and variation in delays of 
different gates is too small to affect the results of = 

simul 3 ,tion. Thus a 'unit-time delay’ simulation model ^ 

has been used. < 

I 

(b) A 'Three-value' simulation model has been attempted. 
Besides 'O' and '1' as the known binary values, an un- 
known value, represented by ’2', has been used* 

(c) Only 'single stuck-at faults* have been modelled# j 

Some reasons for this assumption are as follows: | 

I 

(i) frequent testing of a circuit usually implies 

the existence of not more than a single fault, | 

(ii) intermittent failures are, mo doubt, prevalent 

in many technologies (i.e. , TTL, DTL, M0| ;, etc. )| 
but these are, ignored with the assumption that 
srich intermit -bent faults shall persist long 
enough so as to appear as a permanent fault 
and get detected ultimately, 
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IPype of faults modelled syoes 

(1) Inuuts of gates etuelte-at 

values (t,Q,, '1‘ for gft-tog aad 

'O’ for ITOH/OR gates. This Esimply fsaouate 
to the 'input termmal OVW* condition, for 
a gate. ) 

( ii ) output s of gates stuck-at- * 1 * / stuck- tit- ’ 0 * . 

(d) Only gole level Eimulation has been attempted, 

A maximum of 500 gates in a circuit hove been catered 

for, Various gates simulated and the codes used for the 

same are given below: 

(i) NATO tt 2 
(ii) AiTD 5 

(iii) NOR - 4 

( iv) OR w 5 

(v) Z-0R a: 6 

(s) Maximum PAININ and PlHOUT rostrictxon on eny 
gate has been kept as ’S' and '10* rospeetlvely, 

(f) Number of primary outputs of a circuit has been 
restricted to 50, though no limit has been set on the 
number of primary inputs, 

(g) It is assumed that the circuit is irredundant 
since €ill stack-at faults in a circuit cannot be detected 
if it contains a logical redundancy* 

(h) A moximm time limit hoa boon pro-aet in the 
program for suspoiiding further servicing of that t cot 
vector tdiloh goneratos oscillatory conditions in the 
simulated circuit model. 
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(j) No race analysis liavo been porfoimed. Spikes 
and logical hazards in the circuit have not been modollod 
since those nood a, ’multiple va.luo and voria-ble time— dola,y' 
simulation modol, 

(k) Output pins of all gates have boon numbered as ’1' 
and tho input pins stont with soria.l No, ’2’ onwards and 
go up to serial No, ’9’ depending on the specified number 
of input pins of tho gate a,ctually used in the circuit* 

This numboringj oeq^uence has been followed for ease of 
programming, 

(l) Maximum number of faults in the fault-list of 
cny node does not exceed 20, 

Above mentioned approximations arc to make a reasonable 
compromise betwoon modolling accuracy and the modelling 
speed. Multi-votued and assignable time-delay models will 
surely add to tho accuracy of simulated circuit's response, 
but not without increasing the complexity of the model 
resulting in extra simulation effort and higher time 
consumption, 

2 . PROB LEM M ALYSIS BY hLOW CHART METHOD 

Our appro each to this analysis trill bo to introduce 
first the 'BLOCE SCHEMATIC’ of the simulation pLan, and 
then to follow it up with a description of each individual 
block. 
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DE SCRIPTIOIm of various bloc ks 
( s.) Input Phaso 


Thia phase does not need on illustration xd.th a, 

flow chart, Hoxirovor, following points need emphasis: 

(i) a ‘coding schomo' for different types of gates, 
as discussed previously, has boon used. Code 
Ros, 7 to 10 have been reserved for future 
development for EIM0?T ISVEI simulation. '-1' 
is the code used for PRIM/PLI INPUTS to the 
circuit. 

(ii) circuit do.ta input is in a tabulex form. The 
circuit to be simula.tod is converted into a. 
tabular data structure by the method discucccd 
in tho next section. This data is Ihcn pimchod 
on tho cards by tho user as por tho formats 
specified in 'Instructions to the User’ section, 
and is stored in tho main memory of tho host 
computer, 

(iii) input data consists, of folloifing infomation: 

1. G-ate Number 

2. Code for tho ga.te 

3. No. of inputs of the gate actually used 

4. Gate output loading figure 

5. Gate output connoctionc 

6. Total number of gates in tho circuit. 

(iv) besidos the circuit do,ta# following informn.tion 
is also suppliod by the user: 

1. Type of simulation required (viz., only true 

valuG simulation or fault simulation) 

2. Tost points in the circuit >jherc output is 

required to be monitored. 

(b) Circuit Pat a Ihrors Uiajynostie Phaso 

Before the logic simulation begins, it is nocossary 
to verify correctness of tho ciromt data since in tho 
process of tabulation some caaiociohs are likely, especially 
for larger circuits, ^ch omissions cannot bo ea.sily 
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spotted "by visuc.! inspection of the table end the 
co-rdatod circuit, and :jro thus incltidcd in thic 
pliacG of computation, Tl'.c proeodu.ro followed is 
givon in tli.; flow- chart bfl.ow: 


[ JhlTi 
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Bo side G tlio above error-iaesssgos^ following types 
of errors arc also diagnosed in the data in the later 
phases as the simulation proccods; 

(i) ’Pain- in of the gate exceeds maximum limit of 8’, 

(ii) 'Undefined code used for a gate’. This error- 
signal is received if code value exceeds 10. 

(iii) ’Reserved Code (Uon-a.ssigncd) ’ . This error 
signal is received if code used is between 
7 and ID for any gate, and indicates that 
subroutines for true value and fault list 
evaluation for these codes o.ro yet to bo 
developed*, 

(iv) ’Oscillations encountered in circuit simulation’'. 
Proceed to next test vector. 

It may be observed that error message (iv) dove is 
not directly related to circuit input data. In fact, it 
pertains to on error encountored in execution of the progrom* 

(c) Generation of User’s Reforonco Infora.atipn and Linked 

List Data Structure 

This information is generated to chock and verify 
the correctness of those pvarameters which are later used 
for true valuo end fault simuici, tion. Plow-chart discu- 
ssion of this phase is not considered necessary, thou^ 
the type of information generated is indicated below: 

(i) Total number of primary inputs, 

(ii) Total number of logic gates in the circuits, 

Tota.1 number of expected faults in the circuit. 

(iv) Primary output points. 
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(v) A linked- list structure iiidicnting the connec- 
tions of cJ-l input pins of various gates. 
have naiaod this list a.s 'IhlOEM' and it ^ contains, 
in a serially absconding order, information clout 
the gate numbcriiS to which various input pins of 
any node have "been, connected. Tho IIITK to tliis 
list has 'boon called a.s 'PIKLST' which locates 
the position of the first inpw-t pin of any gate 
in tho 'INPOM' list. 

An csamplo may illustrate tho point hottor. 


Exampl e 


Consider the infoimation generated below. 


G-ato No. 

PINLST 

lEPOIM 


1 

0 

1 


2 

0 

2 


3 

0 

3 


(i) Gatos for which PINLST 
input points. In this 
. are Nos. 1,2 and 5 t 


4 

1 

4 


5 

4 

3 


value = 0 aro prim 
oxamplo, such gato 


:ry 


(ii) Pin 2 of Gate 4 in connected to output of Goto 
1. Similarly, Pin 2 of Gato 5 is comic ctod to 
output of Ga.te 4. Logic followed is — 


Gate 'B* to which input Pin 2 of Gate 

is corniGC'bod = IHPOBX‘1 (PIUTiST (G*ATi^ A )) 

(iii) Balance of entorios in tho INPOEM list pertain 
to r’omrining pins of gates 4 and 5> viz., 


Pin NoSf 3 of Gatos 4 and 5 arc connoctod to 
Primary inputs 2 and 3 rospoctivcly 

and 

Pin Nos. 4 of Gatos 4 and 5 aro connected rco- 
poctivcly to Primal^ inputs 3 and 2. 

Thus tho above linkod-list structure roprosonts 

the following circuit configurfetion.- 
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PRMARY 

IITPUTS 



Phc typo of l0;‘i,:i.c gate is Indico.tod "by tho 

CODE of tlio gate as rarorr.’od to In the ’Circuit 
Data Input Phaso’ -JLr oo.ay disonnro'i., 

(vi) In a. similar manner ac ahovo, mother list called 
’Record' stores, in a serial order, tho status of 
all possible faults in a logic circuit. A gato- 
lovol link to this lint is provided by tlio 'POINT' 
array which specifies tho x^orition in the ’Record' 
list of the first gate fault i,o., 'Pin i, s~a-"0 ' ^ 
ThivS information, ho^/evor, is not printed out, 

lot us conoider tho following infoimation gonoratod 
^ich is relevant to the circuit of the previous oxamplcs 


Gate No* 12 5 4 5 

P oint 0 0 0 1 6 

Record 1000001010 


This implies tho following; 

1. Gate Nos. 1,2, and 5 for ■vdj.ich POINT value *= 0 
have no fault (being priEiary input points), 

2. Penults concerned with Gate 4 start from entry No, 

1 of RECORD file, and those of Ga,tc 5 start from 
Entry No, 6 in the RECORD file, (No, of gate faults 
for my gate, cannot exceed *10' since a maximm of 
'8' faults can be at the input pins and 2 faults 

at the output pin. ) 


3. If tho fla-g = 1 for any RECORD entry, it implies 
that this fault has boon detected at the Primary 
output point. 


4. Sequence of listing in the RECORD file for my 
gate starts wi1ii the output pin s-a^ and may bo 
summed up by tho algorithm — 


Entry No, of output pin of gate _ pqtht (a) 
'G* s-a-0 in RECORD file 


RECORD (1) means output Pin of Gjatc;.4^ /Vnjtt' 

•• and since its value p 1, thisQ^^t Jms/be^. 
datmted at the outnut, fBRARY 


cfciior fnul'bc por'br),jLiiiiig to G-r,tG 4 cifo 

Typo of fault doponds 
• on typo of gate usod^, 

I Those ail will be 
I s-e-l tjrpo if Gn,to 4 i 
? IJAW^/m) sate. 

5. V'.; nay liivjwisG iiitorpne 1: tiiat "output pin of 
sat:.’ 5, £-~;'r"0’ fault sto.’:ts from intry IToo 6 
of ti’.o HEOOilD file. 

Verify that the remaining f-nlts detoot eel at the 
output are: 

'Output pin of gate 5 s-a-1- 
and 'Pin 3 of Gc.te 5 s-a-l/s~a~0' 

(This is .left as an exercise to the reader,') 
y.ont Vcc to.r Gon or»atio n Phas e 

Wg have either goncrated the tost vectors randomly 
or given it as an option to the user to specify his own 
tost vectors. This will bo discussed in Section ? of thie 
chapter. 

Many different strategios could bo used for gonorating 
random tost sequences. Vc have restricted ourselves to 
the E-th inpiic pattern to differ fi-om (E+l)-t&h in just 
one bit position. Maximum iiurabor of tost vectors to be 
generated = (2) via ere I is the Eo. of primary inputs to 
the circuit. Bocause of some non- line anity in tho func- 
tioning of tho computer in-built random number generator, 
some tc. 3 t-vGCtors get ropoatod. This non-linoari|r is due 
to the probability density distribution being non-uniform 
over a period of time. Since about 60 percent of the fault 
get detected during the first 30 to 40 porcent of tho test 


REC0RI)(2) - Output Pin s-a-1 
REC0ED(3) - Pin 2 s-cr-l/s-a-O 
R3C0RD(4) — Pin 3 s— ar-l/s— ?— 0 
REC0R.r)\^5/ — Pin 4 s-a,-"l/g.-.e-— 0 
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vectors sorvicod, 'vhan. thoro is negligible repetition 
of tejot voctors, vro. liovo not attompted to Gt'ud3'' the 
problem deeper. Moreover, ifo have provisioned for 
t orniinntion of further simulntion in ease no new faul.ts 
arc detected by tlio cor^'icing of ton cuccoGSivoly 
generated toct vectors. This exerciser- considerable 
economy on simulation time. 

(c) Vc -l'u o Simulation Phase (See flowchart on next 

page) 

(i) To start with vre initialize the output of all 
nod os to the unknoi'na, va3.uc, ’2’, 

(ii) Raising of a 'flog' for a node means tha,t that 
node is to bo evaluated, 

(iii) True value determination and fault list evalua- 
tion for any node are done concurrently. So floxf-chart 
for 'Pa,ult Simulation Phase’ shall be eommon to that for 
tho 'true va.luo Simulation Phase’ . However, if the user 
is interested in only TRUE VALUES at tho output points, 
for purponos of logic verification of his circuit, ho 
can exercise this optic." in tho program. This v-d.ll be 
discussed in tho last section of this cha,ptcr,. 

( f ) Fault List Evaluation Phaso 

As tho progrom, during execution, enters this phase 
of simulation it determines tho sot of faults which 
propagate to tho output of a particular node for tho 
given tost vector* Some algorithms for fault— list 
evaluation have boon discussed later in this chapter 
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TRUE V A LUE/P AUIiT SmUL/^TIOH 


Voctor 


InitielizG Output 
of all Kodoo to 2 


raise ELAOS for AliL FIRST lEVSl UODES 


Chock if 
code of Flo^jgcd 
'-JJpdo ^ 4 



If Codc =2 If Codo = '5 


C.all 'NiOTD* 
Subroutine 


Call 'AUD* 
subroutine 


If Godo**5 

T.. 

Call » 6 r» I 
subroutine 


If cJdc =6 

t 

Call 'X-OR* 
subroutine 


'■If Code = 4 

t , 

Call 'N( 5 R’ 
GUt^outino 


If 7 ^ Cod 0:^10 ■ 

t . 

Print ’The GO Codec . 
o,rc for future dove lop- 
ELont * 


.1-, 

Record ’Result' I 
I in moEory __ ‘ 

i_— , 

Evaluate Fault { 
list for the 1 
Uodc. ! 


If Codo >10 1 A 


Ffiilt error mesGa^o 
'Undefined codo use 


[ STOP \ 
SIMULATION 


fj =t.«>w CHP»WT coyrn. »— pa6ie 55 
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under ’FAULT SIMULATION PROCEDUEE ' . The fault lists 
for different nodes are stored in time-set arrays (i,e. , 
dynamic allocation of computer maaory space) called 'ELIST'. 
Only two successive time-frames arc recorded in these lists 
and a link to these lists is provided by another dynamic 
record called ’LIST’. This is similar to the linked- 
list structure discussed previously in Section C, 

Fault lists of a node for two successive time 
intervals are compared to assess their stabilization. 

If the fault lists happen to bo the same, it is apparant 
that the true output values of the node in the same time 
interval will always be the same. Flag for this node is 
thus lowered meaning thereby that the ’fan out' of this 
gate need not be evaluated in the next time frame. This 
is the ’selective trace technique’ implementation, 

5. TABULAR REPRESMTATION OF THE LQUIQ CIRCUIT - 

In this section we shall discuss how a given logic 
circuit is to be converted into a tabular form for 
feeding the circuit data to the computer. Various 
steps involved arc as follows: 

(a) Starting with the primary inputs, serLally 
number all the different nodes. This numbering does 
not take, into account any logic— inv oiling of the circuit. 

It cap be arbitrary and in any order. 
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(b) Output pin of each node will be called Pin 
No» 1, and the othci* pins, st anting fnom top— most pin 
of the gate, will boar pin Nos« 2 to 9 for a maximum 
Painin = 8 for any gate. These pin numbers need not 
bo physically marked. Their numbering will be consi- 
dered as an implied sequence followed throu^out the 
program. Recognition of any pin in the circuit icill be 
provided by the use of real numbers. Por example 
number 6,3 will indicate pin 3 of node Ro. 6. 

(c) Now we start with node No, 1 onwards and repeat 
following stops till data is tabula.tod for all the nodes: 

(i) Check CODE allotted to the node from the 
coding scheme used. Enter it under the 
column 'CODE'. 

(ii) Count number of pins of the node actually 
used in the circuit. Record these under 
the coltimn •INPUTS*. Por Primary inputs 
this value is ’O', 

(iii) Chock actual loading of the node (i.e., 
number of places to which output of a 
node is physically connected). Record 
this in the column ’PANOUT’. Por Primary 
output nodes, this value =0. 

(iv) Chock the PINOUT details (i.e,, the pin 
number and gate number of the load) and 
record those under the columns of»GLINE’ 
(which means — G-ATE TO ffilCH LINKED). 

Enter ’1000.* as the last entry in the 
GLINK for each node. This- is for ease 
of programming. In case of primary 
output points, only entry under GLINK 
will be 1000, 

(v) This completes the data for a node. 


58 


Wo oho.il illus'traijG ■ "tlio alDovo sdioniG with. thLG 
help of the following ozamplot 
fea Rpip ., 1 

(a) 0-!--'w.it Diagram 


P rimary S 
Input a j 
] 




rimary 
Output 3 


Gate numbering has "boon done as shown in the 
Figure, 

(b) Tabiilar Roprooontation of the Circuit 


H':'. 

Code 

Inputs , 

Fanout 

GLIEE 

1 

-1 

0 

1 

5.2,1000. 

C 

-1 

0 

1 

5.3,1000. 

3 

-1 

0 

1 

6.3,1000. 

4 

-1 

0 

1 

7.3,1000. 

5 

2 

2 

2 

6.2,7.2,1000. 

6 1 

5 

2 

0 

1000. 

7 

4 

1 

2 

0 

1000. 


It may bo observed that this conversion of logic 
cirouit Into the above data structure, is fairly easy 
and needs no technical skill irrespective of the length 
of the circuit involved. This type of tabular represen- 
tation was developed to do away with the *PRE— PROCESSOR’ 
r Gt^uirements for generation o.f data tables as discussed 
in some of the papers published on th^ subject (Refer 




59 


To got a bettor undorstandmg of this type of 
da.ta representation, the user is suggested to draw the 
actual circuit configuration from the table given below; 
Examplo 2 


Gate No, 

Code 

Inputs 

Fanout 

giine; 

1 

-1 

0 

1 

5.2,1000. 

2 

-1 

0 

2 

5.3,6.3,1000. 

3 

-1 

0 

2 

5.4,8.3,1000. 

4 

-1 

0 

1 

7.4,1000. 

5 

2 

3 

2 

6.2,7.2,1000. 

6 

4 

2 

1 ^ 

7.3,1000. 

7 i 

3 

3 

■ 1 ! 

8.2,1000. 

8 ' 

6 

2 

0 

1000. 


(Compare with the circuit diagram on [|inge'.’81aand 
verify.' ) 

4. DEVEIXDPMENT OF TRUE VALUE SIMULATOR 


¥e have already described in Section 2 the broad 
outline of true value simulation technique by Elow chart 
analysis. Now we shall illustrate the development of a 
program for the same. 

Bosidcs the user’s supplied data tables, we shall 
bo using 'PINLST' and 'INEOEM' lists generated already 
by the program. Since wo decide to be concerned with 
only two successive time frames for our computations 
(viz., the ’current time' and the ’future time'), we 
3 l]_g^Xl be using two different time-set arrays called 
'FLAG-’ and ‘SETYAL’i These arrays daall store respec- 
tively the ’node evaluation status’ (i.e., FLAG value = 1 
meaning that node is to be: evaluated), and 'node evaluation 
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results* (i.o., true value at the output of anode). The 
raised flags (i.o., FLAG = 1) in the 'curront time' record 
act as a nointor to thoso nodes ■which arc to "bo evaluated 
at the current time. 

( c.) A ^prithme Used - To start with, flags are rais ed 

for all prmary inputs (i.o., nodes with CODE = -1). Then 

in 

either the user-supplied 'tost vector' is read/and recorded 
in the 'SETVSL' current time array, or the tost vector is 
randomly generated and recorded likewise. ¥e arc now ready 
to proceed with t rue-value simulation for the tost vector 
that has been specified. But which nodes are to bo evalua- 
tod (i.o,, the first level nodes) must bo entered in the 
'future tine* rocoid.. For this purpose FIAG array for the 
future time is used. Information about the nodes to be 
flagged is generated as per the Algorithm *A'. 

(i) Algorithm 'A* 

(a^^) sense the current time flags starting with 

Node No, 1. If flag = 1, read various columns 
of *GLINK* and proceed till 1000. is struk, 

(a 2 ) every entry in GUNK column will bo a real 

number ■with its mantissa part specifying the 
node no. for which flag is to be raised. 
Separate the mantissa part and raise the 
future, time evaluation flag accordingly. Also 
transfer the record from current to 

the futrtne time ar^ay* ^ 
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(a^)if GLINIC = 1000., go to next node and 
repeat the above stopc till all nodes 
have boon examined. 

Now our ’ ftiture time’ record becomes the 'current 
time 'record. Wo nay thus proceed further with simula- 
tion tine (called 'TIME') initialized to zero. This 
'TIKE' will bo incrononted with every single simulation 
pass throu(4i the circuit. It is likely that, during 
ninulation, the circuit model enters into oscillations. 

An exit is to be provided for such a condition and is 
done in the progrm.i by providing a maximum limit of 
tine (called HAXTIM) for whicli simulation nay continue-. 

If this tine goto oxccodod, the program jumps to tho next 
tost— vector. Let us asstcao that the oscillatory condi- 

tions do not arise. Then Algoritlua 'B' evaluates the 
true value, 

(ii) Algorithm 'B' 

(bj)start with node 1. 

(b 2 )if flog = 1 proceed further, else go to 

tho next node and repeat from ’b 2 * onwards. 

( b^ )depcinding on the COLE of .the node, enter 

in tho 'EANIN' array non-dominant values for 
tho node (viz,, *1' for NAND/AfTD and 0 for 
NOR/OR). 'EMIN' array is used to record 
tho actual pin values at the input pins of 
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^"^4 pin connoctionD of fliG nodo from 

'PINLST’ arroyo, and transfer fron tho 
SETVAL array all input pin values into 
FAIN IN array. 

(t)^ )SO to the- concerned subroutine for 
v,’Valuation of the node output, 

(bg)cntor tho nodo evaluation results in the 
‘current tine' SETYAL record, 

(bY)conparc tho two time arrays of SETVAL, 

If tho true value is sane (but not = 2 ), 
then put tho current time flag for the 
node = 0 so that its fanout nodes are 
not cvalua,tod next time. This is the 
’SELECTIVE TRACE TECHNIQUE', otherwise 
keep the flf-3g = 1. 

(bo)go to tho next node and repeat fron ’I5' 

O 

onwards till all gates have been evaluated. 
{ bn) sons 0 tho 'current time' flags for all the 
nodes. If all the flag’s are lowered (i.e,, 
:r 0), print out results and go to the next 
tost vector, else reset the future time 
flags to 'O’, and repeat from Algorithm 'A' 


above. 
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’‘'o hr-,vo 00 far diocuGcod tlic ragorithmc for true 
value Giinulation. Lot uc bo dlcar tliat the prograxii 
after r.tcp ‘bg’ of algorithn ‘B' olioZl no in ally proceed 
to the.' ’l.ault Sinulr.tion Piiaso' and then return to 
otop ’br^', \mlo3G otherwiGo dooired by tho UGor. ¥g 
mc-an tla^t ll'.u uacr hao to npocify throu^a a data card 
(dincuonod later in Scvction 7 ) if lie needs tho 'true 
V a. lu c nin u 1 e t i ci n o n l.y ’ , 

Lot un nr.vr undvirotand tlio inplcnontation of tho 
above alfjoritlviG v;ith tho help of an oxanplo, 
itomijL.' 

Conoid or the circuit on Pago 58 and its tabular 
reprooentation. 

For thin circuit follO¥ing Information will bo 

gone rated by the computer: 

No. of Prinary Inputs = 4 
Priiiary Output Points aro Gate Nos. 6,7 
Gaf a Ko. -1234567 
PINLST - 0000135 

INFORM - 1 2 5 3 5 4 

Lot us XTOrk out tho true value at various nodes 
for the user supplied' tost vector ’LLll’. This wo shall 
evaluate for oach tine frame till the output at all the 
nodes stabilizes. That exactly shall be tho manner in 
■vdiich computer processing takes place. 
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fine 


frato No r 


tolME 



'IME = 2 


] 

{ C urr cntTFutii r o' 

Tirac Tino 



SETVAI 
Cuir ont 
Tine 


Puturo 

Time 




Noto: flag VAIUE l/O against Gate Nos. ^ 

that the flags have hoon lowered duo to oolectivc 

trace pTOCoduro. 

Wo obGorto that all the flags get lowered by the 
end of tino Value = 2, and tho nodo^’ output values 
sbnblizo. Result at tho Primary output points to. 11 be 


Gate No. 


True— Value 


Noto: Sinoo this Tory oiro:ilt has 

by tho computer, ^g“®oompSter 

may bo compared and verxfxed iron 

output attached as Appendix A . 
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Structuro ; For various types of 
gates ainulo.t cd by the program, wc lirvo structured the 
corresponding 'gate evaluation subroutines’. The basic 
algoritlina for these subroutines have been derived from 
the ’5-valuo truth tables’ for those gates which are 
given below assuming ’two-input’ gates only. These 
algorithms have then boon generalizod to cater for naxi- 
niam FAIIIIN - 8 for any gate; 


-rmfs 

OUTPUT OF GATES i 

A 

B 

nand 

AND 

NOR 

OR 

X-OR 

0 

0 

1 

0 

1 

0 

0 

0 

1 

1 

0 

0 

1 

1 

0 

2 

1 

0 

2 

2 

2 

1 

1 

0 

1 

0 

1 

0 

1 

2 

2 

2 i 

' 0 

1 1 

2 1 

2 

2 

2 

2 

2 

2 

2 1 

\ 


The ’INTERT’ subroutine works on the logic that 
invert of 2 =2 itself, while for ’0’ its value = ’1’ 

and vico-voroa. 

5. fault simulation procedure 

Since the fault- simulation has to be essentially 
preceded by true value simulation, the procedure dis- 
cussed in Section 4 above is followed upto step 'bg' 
of Algorithm ’B’, and then it deviates to determine the 
FAULT LIST At that node. Some essential points are 
enumerated below before discussing the algorithms actually 


used. 
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i 


( n. ) Eopcntlrxl Points 

(i) Fp.ult rcprcoontation as well as processing 
in thu conputcr has been done with tlio use 
of REAL NUMBERS. For cxaiaplo, a mraher 6. 3 I 
shall indicate that ’pin 3 of node 6 is s-a-1' . 
Similarly, a. ntinbcr 9.10 implies 'pin 1 of 
nod o 9 o-a-0 ' . 


(ii) At the input pins only 1hG non-doninant 
otuck-at faults and at the output pins 
both ’s-a-l' and ’s-a-0' faults havo been 
noddled. Non-doninant faults are those 
which, when present at the input pins, do not 
stop the propagation of fault lists through 
the node. 


(iii) Fault lists at various nodes are dynonically 
ntored in a tine-set array called 'FUST', a 
link to wiiich is provided by another similar 
tino-bound list called ’LIST' which gives 
location in 'FUST' of the first fault of 
the fault list pertaining to a particular 
node. 


(iv) Status of various faults detected is_main- 

tained (as discussed earlier) in a list called 
’RECORD’, a link to wiiich is provided by 
another list called ’POINT’. Oenoration 
of those lists was necessary to ascertain the 
number of now faults detected per test-vector. 
Also these lists provide infomation about 
tho various faults which remain undetected 
after all tho tost vectors have been servicea.^ 


(v) In truc-valuG simulation we had used FLAG 

' vaMo Githsr '1' or 'O' indloattog respootivel* 

Whether a node is to bo simulated or not. 

Now wo include another value for the flag 
NOW wo ino is that althoujSi 

truo value for a node nay stabilize in n 
tSo fromoB, the fault list for that node may 
require ’m’ more tine frames to stablizc. 

S a case we should only revaluate that 

fault list in' the next time-fr^e 
Zt Toi thTtnro value. ■ Is^uhroatea 

by putting the FLAG = 2. Thus o ^der” 

implication of flag values will be as under. 
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FLAG = 1 no fins both true value 
and tho fault list for 
the node aro to bo deter- 
ninod . 

FLAG = 2 neans only fault list 
is to be conputed, 

flag = 0 racans neither fault list 
nor iruc value is required. 


(v) In ease any input pin value for a node =2 
th-'t pin is ignored while evaluating 
fault list at that node. Such a condition 
results in extra tine fraxies needed for 
fault list stabilization discussed above. 
If tho true value for a node = 2, fault 
list at th<at node is not conputed at all, 
and tho control is transferred to the 
next flagged node. 


(b) Fiftnnnl on of Algorithn of Soctipn,^ ; In case 
control io tranoferred to the ’fault simulator' from 


Step ’^6* Algorithn ’B’, following steps should bo 
added to tho ocquonco at that point i 


b Evaluate fault list at the node as per the 
algoriiiino discussed later, esnd record it 
appropri at oly in ' FLIST ’ . 


^ 6.2 


Conparo the node fault lists at two successive 
tino-intcrvalo. If sane, reset the flag to 
• 0 ° nnf roISrn to Step 

aoloctivu trace technique. If not, set FLA 
and continue. 


b, , conp^o tho true valueo for the node at two 

nuGcoosive tine-intervals. If 

ouccoosiv^ status (=2) which shall 

scrio, retain the ^ frame to only 

transfer control in next rin+ mif 

faSt-otohlction for this node. If not, put 


FLAG=1 Slid return to 
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(c) Alfforithns f or Faul t List Evaluation for 
Difforcnt Ty^o of Gates 

The technique for deriving on algorithm for a HOR 

gate has been explained previously in Chapter 2 (Section 

3 -(5. We have extended that concept and worked out 

parallel eagorithns for all other types of gates as well. 


These algorithms have been arranged for different types 
of input combinations to a node in a manner as to facili- 
tate their computer programming. The general notations 
followed arc given in the ’Index ’ below: 

(i) Index to Notatio ns Use d 

Fault list at the output of a node. 

Fault list at the i-th input pin. 

Fault list at the j-th input pin. 

Node output s-a-O fault. 

Nodo output s-a-1 fault. 


P 

P. 




G 


10 


11 

Kjj. 


G 

tjK 

K 

e 

^i 


: Intoroection of all fault lists at pins with 
true value = K 

s Union of all fault lists at pins with true 
value = K 


Binary value 0 or 1. 

Sot difference. 

Node’s internal fault at the $-th input pin. 

Node’s internal fault at the j-th input pin. 

Variables used for input pins with values 
ranging between 2 and 8, 
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Mixed Inputs ’ 

O' and '1' 


F = 


9 j U^(F. 9 G.)\ TJ 

V 3 3 

l^ioi 



e [&iii 

For NMD 
gate. 

cr 

S^(F^ue,)] s[d\Fj»g.)} u|g 

111 



0 5 G,„'i For MJD 

* ‘ gate. 

Onlv '0* values at 

all input pins 


F e 

V°(Fi U a^)\ 

® t®id 

For NMD gates. 

ss 


'I « l®ioi 

For MD gates 

Onlv 

*1’ values at 

all input pins 


F « 

[U^Fj e 

U 9 

For NMD gates 

s 

JU^F 9 G >5 

^ 1 ^loi ^ l^nl 

for MD gates. 

r-Jii'i ATcrnyit.hnn for NOR/OR g.at_^ 



Mi±ed inputs 

'O’ and ’1’ 


F = 

“ °j’] 

9 9 9j_)j TJ 1 

l^io] 

For NOR gates. 

3S 

\h^h " °3>i 

9 [ D°(Fj^ 9 N ] 

|_^ioi^ l^ii] 




For OR gates. 


QX}l-rr «0> value__at Bll input .£ins 



F = For NOR gates. 

= }T3°{Fi e \)] ^ « l®io! ® 

ny^lv *1^ -yaJ-ue at all input pifi_s 
F = M®llS !lM For NOR gates 

- N n°ii] 



70 


(iv) Algo ri thus for X-QR Oate^i 
riixod Inputs *0’ and 

F = VVj U Oj ) i ® U G. )} U j 6 

Only *0* Value at Both Input Pins 

F= \U°(F, U0^)} 

0a 1x_..'_ 1' Vgluo at Both Input Pins 

p= 

(d) /jlf^or lthnn for Sot Operation s; We have seen above 
that the basic oot operations needed are 'set nnion', 'set 

internee tj on ' and 'not difference'. All these operations 

2 

need (n) nvuibor of conparisons (i.o. , of each elenent 
of one set witii all the elements of the other set), -which 
is quite unccononical in processing tine especially when 
a largo nunbor of such operations are required every -tiine 
a fault-lint in to bo evaluated. We have attenpted to 
reduce the nunber of conparisons by ensuring that all 


the fault n in a sot are always arranged in an ascending 
order both at the tine of thoir generation and during the 
sot operations. Moreover, the last elenent of any set is 
followed by (0,0) for further reduction of simulation 
tirao. Since we have assuned that maxinun number of faults 
in the fault list of any node is limited to the 
dinenslon value of all temporary storage allocations has 
been accordingly restrictei to 20* 
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Let us asBUno wo are to perforn set operations on 
two scto ’A’ and ’B', and the results are to be stored 
in the oot *C‘. Following algoritlins explain the pro- 
cedure adopted: 

(i) Algori thn for SKT. UNIOH operati nr^ (i,e. . AUB) 

(Thia ncans include in 'Set C all non-repeated elements 
of both sets A and B) 

1. Initialize i = j = 1 

2 , Compare i-th elonent of A and j-th element of B. 

5. If unoq ual,checks if either of the elements is 

zero. If DO, transfer all elements of the other 
Bot into Sot C and RETURN, otherwise continue. 

If the two-olonents are equal, go to Step 5. 

4, Check if the i-th element of A is smaller than 
the j-th element of B. If so, store i-th element 
of A in G increment 'i'. Go back to Step 

2 above end continue. 

5. Store cither of the elements in Set C. Check 
olomont value. If =0., stop and return, otherwise 
incrcDcnt both i and j (i.e., go to next elements 

of sets A and B) and go back to Step 2 above. 

(ii) 

1, Initialize i ® j « !• 

2, Compare i-th element of Set *A’ with j-th eluent 


aiorithm f or SET INTERSECTI ON Operati c , 
[i-e#* A A BJ iThis neans include in Set C only 
fch.os 0 ©XoiEBnts* coiiQOon 'fco "both, soiis A 3^3. B) 


of B 
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3. If onura, 3tore oithor of these in C. Check 
tt.c client val-ue. If = 0., stop and RETUEh, 
otlic-rwj tio continue. If tho two elenents are 
un .qu'il, go to Step 5. 

4. Incroncnt both i and j and go back to Step 2 
above, 

5. Chock if i-th elaiient of A is smaller than 
.i-tli clcnont of B, If so, increment i and go 
bock to atop 2, 

(iii) Algnrithr.i fo r SET DIFFERENCE Operation 

1 1.- 2iZ - JlAJ’) 

(T)iin ncano olininato from Set A all elements 
of Sot B, and transfer the balance to Set C) 

1. Initialize i = j = 1. 

2. Ooppnro i-th olonent of A with o-th element of B« 

3. If equal, check element value. If = 0., Stop and 
RETURN, otherwise increment both i and j and 

go back to Stop 2 above. If the two elements 
art' not equal, continue. 

4. Chock if tho i-th olonent of A is saaller than 
j— th element of B, If so, store i-th elanent 

of A in G, Chock if this element is 0. If so, 
Stop and RETURN, otherwise increment i and go back 
to Step 2 above. If i-fi^ element of A is not 
sraaller than j-th element of B, continue. 

5. Increnont j and go back to Step 2. 

[Noto: In all the above algorithms incrementc 
value is unity] 
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6 . Mj '^^73 r>. nd PlXU g^Trmj^ 


H (i 


Iv-vo cr.rrlod out fo,ult sinulo.tion on the t» 


oiroulta airicu,-.oc<: previously under Section 3 , 

1 ond 2 (P-h'i.t- ), 


Exanples 




Thin nt.iulntion hr'.a been done using the EORTR/dJ 


c Pipilor, 


Iiipujlto obtednod rirc as under; 


(i) No. of gates simulated 5 
(ii) No, of output points = 2 
(ill) No. of faults in the = 12 

circuit 

(iv) 1 ^ 0 , of toot voctoro = 16 
required 

(v) No. of faultn detected = 11 
(vi) Percent .ago faults = 91.6 percent 

detected 

(vii) No. of faults not dGtec-= 1 
^ tod 

(viii) Program conpilation = 4Mts., 10 secs 

time 

(ix) Fault sir.iulation tine = 11 secs. 

(^) Nuiib cr of tes t-veotn-rH No. of faults de t ect ed 
* aenr iced 


1 

3 

5 

6 
7 
9 

16 


4 

7 

8 
9 

10 

11 

31 
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2rnillliJl. .,gtud.v of Rogultfl 




12 

! 

! 





Hi 


^ 1- ,D ( /vOCf C 




''* ■ A .V .'V " 

r 

i 

V 

i 

10 



1 



9 



1 

No. 

of 




1 

faults 

0 




d r :t i; 

xt* 

- 




od j 


f 

i 

1 

r 



( 


6 i 

i ! 

5 

i 

4 4I 

1 

3 ] 

2I 


1 2 g g ^ 12 13 14 15 16 

— — No. of Test Vectors Seryicedi >- 

.^'i rcult of Exanple 2 

This akiul.'ot ion hao boon done using the ¥ATF0R 

conpll(7r which io reportedly faster in compilation but 

slower in cixacution tlirji tho FORTRAN compiler. 

(i) No. of gatoa simulated = 4 

(ii) No, of output points = 5 

(iil) No, of faults in the circuiti= 18 

(ivJ No. of tost vectors required^ 16 
(v) No, of faults detected t= 12 

(vi) Porcontago of faults = 66.7 percent 

detected 

(vli) No, of faults not detected == 6 
(vlii) Program compilation tine = 15.4 secs, 

(ix) Fault simulation time = 15.2 secs. 



(x) No. of test vectors 
serviced 


No, of faults 
detected 
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( ) Digcus si on and ConclusionG fron 'Above Results 

(i) It is olDserved thr.t noro thru 50 percent of 
faults got detected vd.tli the first 25 percent of the 
test vectors that are serviced. 

(ii) The detection efficiency then suddenly reduces 
and another 20 to 40 percent of fo,ults (depending on 
circuit configuration) get detected with the next 20 
to 30 percent of the tost^-vectors serviced. 

(iii) Thereafter the detection efficiency falls almost 
to zero, and tho stage of saturation roaches whm no further 
faults can be detected by this method. 

(iv) It becomes advisable then to proceed with the 
’D- Algorithm' or some other technique of fault simulr tion. 

(v) Considering that the speed of execution for 
WATPOR compiler is double of that for P0RTE.M compiler 
(which is a reasonable assumption based on statistical 
averages), it is observed that the simulation time for 
circuit of Excjmple 2 should reduce to about 12 seconds 

if a FORTRAN compiler were used for the same. This period 
of 12 seconds includes the extra 5 seconds for higher 
dimension of variables in case of FORTRAN compiler. Our 
program has a d^easion ratio of 10 si for the data 
variables 9 ,s programmed with these compilers. This 
restriction was to cater for the limited memory size of 
the WATPOR compiler. Since the number of gates as well 
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as the nimher of faults in this circuit are nore than 
those for the circuit of Exanple 1, it can be deduced 
that speed of simulation increases with circuit size. 

This is because of 'selective trace technique'. In 
fact, this is one of the advantages of the deductive 
method which, as we said in Chapter 2, is faster for 
large size circuits. ¥e have, however, no data available 
for comparison with the 'parallel technique of fault 
simulation' . 

7. facilities j y ro PTSTRUCTIOITS for the user 

In this section we think it worthwhile to summarize 
the various facilities provided to the user of this simu- 
lator, and to list out some instructions on 'how to use 
these facilities?' 

(a) Facilities for the User 

(i) it is possible to use the simulator either 
purely for 'true value simulation' or for 
'fault simulation' (which includes the true 
value simulation also)’. The former shall_ 
be useful for logic verification of a combi- 
: natorial circuit and the latter for purposes 

of fault diagnostics. 

(ii) User can specify some of the test points in 
the circuit vxhere he desire^ to have the 
output values. This number is, however, 
limited to '20' utmost. 
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(iii) SincG the progran registers only those 

nodes as prinary output points which have 
FANOUT value = Oj the user has the liberty 
to specify additional prinary output points 
subject to the condition that nsocinun nunber 
of output points does not exceed 50. 

(iv) In case it is desired to have sinula^tion 

results for particular test vector/ vectors, 
the user can exercise this option by either 
specifying all the prinary input values 
or by specifying only some of these. 

(v) User can develop the ' elenent level' sub- 
routines, for the unused codes 7 to 10 and 
insert these appropriately in the progran to 
increase the scope of utilization of this 
sinulator. 

(vi) The circuit data in tabulrar fom and sone 
info mat ion that gets generated from this 
data, for user’s reference are printed out bjr 
the progran. This is for cross-check and 
verification of those circuit parameters which, 
though in error, are not spotted out by the 
’circuit data errors diagnostic phase’ of the 
progran. 

(b) Instructions for the user 

(i) Convert the circuit into its equiva.lent 
tabular representation by the technique 
discussed in Section 3 of the Chai,pter. 

(ii) Ensure that the number of nodes in the circuit 
does not exceed 500, and that the circuit is 
purely combinatorial comprising only of HAND/ 
M/AND/OR/X-OR/NOT gates. 

(iii) Specify SIMTTP = 1 for only ’True Value 
Simula,tion ’ , and SIMTIP = 2 for fault 
simulation. 
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(iv) Total n'un'bGr of gates (including Primary 
inputs) is indicated ly 'F'4 

(v) No. of test-points and the serial numbers 
of nodes to be specified as test points are 
indicated respectively by ’NTPTS’ and 
'TBSTPT(KZ)’. 

(vi) No. of user specified test vectors is termed 
as ’NTEST’-. If no such vector is specified, 
the data card must rec.d *0’. 

(vii) Test vectors can be specified in 3 ways - viz. 

Mi\NUAL= 0 , means no test vector is supplied by 
the user (i„e., a.11 these should be 
generated randomly). 

=1, means user supplied test vector. 

In this case all primary input 
values have to be specified by 
the user, 

=2, means the test vector is partially 
supplied by the user and partia.lly 
generated randomly. In this case 
the S.No, of the primary input 
which is desired to carry the 
value ’1’ should be indicated by 
the user. Other iniouts are randomly 
generated. Note that the user 
cannot specify a particular input 
= 0 . 

To specify these inputs the variable 'NSET' 
has been used in the program. In case the 
tjser wants to service only the test vectors 
. specified by him and no other randomly genera- 
ted test vector then he should put 'NEND 
value in Statoaent No. 2545 of the program 
equal to 'NTEST'. In general 'NEED’ value 
(i.e.. No. of test vectors) to be serviced 
has been specified as ’ i(2)®S + 10^' where 
IPS is the number of primary inputs in the 
circuit. 
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(viii) Fo. of primary outp-ut points is indicated 
as ’KTM* and snch nodes are specified as 
’PRI0UT(J®I)'. 

(iz) Vaiious data cards required are to be 
ar'.ranged in the following sequence and 
punched as per tlio foimat used in the 
program statonent numbers shown against 
each, 

3, ho. '' Data Statement ho, in the 

Program 


1 

h, SIMT’IP 

10 

2 

hTPTS, TESTPT 

12 

3 

hTEST 

14 

4 

Circuit data consis 
of: GATEhO, IhPDTS, 
PAhOUT, G-IIhE: 

ting 

20 

5 

KIM 

51066 

6 

PRIOTJT 

51067 


MAhUAi, hSST 

2602 


'4 


Note: If hTEST=0, the last data card need not be fedT 
at all since the program branches to generate 
the test vectors randomly. 

Example 

Por the ’Excess-3' to BCD Converter' circuit 

ahown below write the data cards assuming the following: 

(i) Fault simulation is required. 

(ii) lo test points are specified by the user. 

(iii) Only test vector specified is '1111', 

(iv) ho additional primary output point is specified. 



Data Cards - (Reader to verify correctionsi ) 

S.Ro. of Data punched starting -with, 

data card 


1 

2 

3 

4 

5 

6 

7 

-8 

9 

10 

11 

12 

15 

14 

15- 

1^. 

17 

18 

19 

20 
21 


TUil. 2 

>$)^2-10 3 )$) 5 ) 59 ^^|il?' 2 §^i 3 . 51000 . 

>$)$5-10 ylMl> 3PM9. 4W4, 21000. 
) 5 )$ 4 - 105 ) 5 )!^ 12 . 4 )^) 513 . 4 ^ 14 . 31000. 
2 ^ 5 )^ 2101000 ,' 

22626 201000, 

22724212228. 21000. 

22822112210 . 21000 . 

22922312210.31000. 

21022301000. 

21122112212. 31000. 

21222312210.41000. 

21322312215,21000. 

.2i4|22l22l5,31000. 

■ 21522201000, 


22o 

i22i2i2i2i 


Total n'uia'ber of data cards = 21, 


Rote; ’2’ means Hank 


Ez-OR 


(Back Reference s Page Ro« 59) 


Note? US O/P means user ^ecified output point 
TP means test point. 
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CHIP TER 4 

PUTURE DB7EI0PMENTAL SCOPE 

1. FAULT SIMUMTIOE OR SEQITEETIAP CIRCUITS 

G-eneration of fault- lists for 'flip-flops’ is diffi- 
cult compared to the gates since a PP can 'rem enter’ the 
effects of faults which were propaga,ted to its inputs 
at a previous time in a test sequence. For example, at 
some time in the test sequence a fault ’f’ might cause 
a PP to he erroneously set. The erroneous setting 
signal might then disappear, hut in the absence of a 
subsequent re— setting signal, the PP will remain set, and 
the fault is detectable at its output so long as the 
erroneous set state persists. 

To correctly account for this ’memory' property of 
PP’s, the new fault lists computed at time ’t^’ should 
include: 

(a) faults appearing in the fault lists on the 
input terminals at time 

(b) .faults contained in the fault- lists at output 
..'terminals at the previous time interval 

(c) intermal faults of the PP detectable at the 
output at time ’ t , ‘ . 

gamnle Computation of Fault-Lists for a UOR Latch 

Consider the PP structure and the associated fault 
lists at output points and at tine t^, P 2 and Q 2 
at time t 2 J and the input fault lists S and R at tine t 2 
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as ^own in the figure below: 



Figure 1 

It nay be observed that the FP is ’set* at tine 
and at tine ^2’ the input values at SET, RESET termina.ls 
both change to 'O', ¥0 are to evaluate the fault- lists 

P2» Q2 tine t2. It is apparent that the EE renains 
'set' at 't2' since 'non- enabling' inputs have been 
applied. 

Since ^ 2*^2 depend on tlio .,,16 fundamental 

products of'P^, and S (viz,, ^ 1 *^ 1 ^^^ • . • fP^Q^^ES), 

we should examine each one of these conbinations separately 
to see if it should be present in the expression for 

Pj or Qj, 

To detemino whether the product E2_Q2_ES should be 
present in P^ Q2> lot us consider its moaning. Any 
fault in -the* product E^Q^ES, if o,ctually present would, 
by definition, cause both outputs to be wrong at t^^, and 
both inputs to be wrong at 't2*» That is, it vrill cause 
the EE to be in the reset state a.t ’t^^’ and would nahe 
both inputs ' 1 * (i,e«, both enabled) at tine t2« 


This 
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causes botii PF outputs to go to '0* at t2, whereas the 
‘good’ PP state at 't2’ is ’set’. Therefore this fault 
(i.G., product Pj^Q-j^HS) con he detected on the ’set’ output 
at t2f "but not on the ’reset’ output. Consequently, the 
product P2_Q2jRS is present in the expression for P2, hut 
is absent fron the expression for Q2. 

To further clarify, consider the product 
Any fault in this set would cause the FP to he in the 
reset state at tine would cause ’reset enable’ 

signal to he applied at the inputs at tine t2 which 
would naintain the FP in the reset state. Therefore, 
this .fault would he detected at both outputs at t2. So 
Pique'S will appear in the expressions for both P2 and Q2. 

(Note: Meaning of P,Q.-R‘S is that except for 
’S’ which is”^ -^non-effective, P^, Q^, 

R all tend to invert the true value 
at tha.t point.) 

The reasoning for the renaining I4 products is in 
a sinilar vein as above although in some cases special 


considerations apply as follows; 

■ ra >Race Condition ; ¥e consider the' product P^Q-j_Ks. 
Any fault in this would cause both outputs of the PP 
to be *P’ at inplying that both inputs nust be ’1’ 

at that tine. Moreover, the fault does not change 

the status of inputs at ‘t2' which renain as ’O’, This 
neans that, with the fault present, both inputs will 
change fron ’1’ to ’0’ in the interval 
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not known which input changes first. Consequently it 
is •inprodictahlo if the FP at ^2’ will end up in the 
‘set* or 'reset* state. This is the so~called 'race- 
condition '• 

Such faults ■which are not truly detectable at the 
output are tomed as ’STi\B FAULTS*,. Sin-uiator, while 
evaluating fa'ult lists on the FF outputs, should in- 
clude the star fa'ults along with the regular fa'olts, hut 
should distinguish these with a 'flog* on the star fault 
entry, 

(h) Don't Care Products : There is no fault external 
to a (cross— coupled NOR) FF which can cause both FP ou'tputs 
to.be *1' siDultaneously, For the particular FF state 
sho-wn in the Figure '1*, such, faults can only appear 
in the 4 products containing FqQq* Since we are consi- 
dering faults only external to the FF at this stage, we 
may therefore, treat these four products as 'Don't Care's*, 
and include them in the e3:pression for P2 sind Q2 if their 
in.cinaioh . peiriits simplication of the. resulting expression. 

An dialysis for all fundamental products for this 
example results .In the following sum-of-products 
expressions for P2 and 0,2°° 
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^2 ^ 1 ^ P^Q^E. S + ^ 

B ..+ S + B + (?^Q^R S + P^Q^R S 

+ R 1^1^ ^ ^ J “ -• “ 

^2 - ^-J + {^-1^1^ ^ ^ ^ ^ 

+ B + F^q^r B)} , 

where the first bracketed products represent the 
*star faults’ and the products in the paronldiesis are 
'don’t Gore’s*. 

After simplification of the ’non-star’ faiiLts we 
obtain: 


P^ x= + R _+ _ (i) 

Q2 = B I + R S + Q^B (ii) 

Expressions (i) and (ii) for P2 and Q2 are incomplete 
without the int enrol EP faults detectable at ’t2*- 
Por example, internal faults are two, labelled ’Ag’ andr 
*A^’, which hold the PP in the set and reset state res-r' 
pectively regardless of the inputs. In this example, 
the fatiLt *A^’ would be detectable on both the set and 
neset; outputs at ±2 would, therefore, ,be included 
in boilh f g and whereas ’A^' would not be detectable 
at t2 and will, not appear in either P^ of* Q2* 
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Bxanple 

Maie a tabiilar representation of detectable 
fonlts at P2 and Q2 for the input/ on iiput conditions 
of the NOR latch showi below: 



If a fault is included in P2/Q2 shall represent 


it as * 1 ^, otherwise as ’ 0 % 
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Minimizing the expressions with Karnaugh Maps 


using Pon*t Care Conditions (represented by 
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¥g get, P 2 = ^2r 


and Q 2 = S + 


Inclnding the star- faults and the 5-nternal faults of 
PP ’A‘s and wo get the expressions for P 2 and 

as 

Pg = 55+ Pj^H + S S + Ag 

«2 = ® } + S + + Ag, 

¥e have also worked out the fault lists for JE 
flip-flops assuning that the ’clock* input is got faulty 
Phe results for various input conhinat ions attenpted 
are tabulated below which na,y bo verified by the readers 



OUTPUT 

" PAtJId} LisS AT 
t2 ^ 

1 0 ^ 

0 1 

P 2 = P3_ + E ■ ■ 

Q 2 " ^2 ^1^ 

1 1 ■ 

0 1 

Pg = ?! + K 

^^2 ^ ^ 2 ' 

: 0 1 i 

1 0 

'^2 ~ ^2 ^ 1 ^ ■ 

Q 2 ^ ^ 

0 1 ■ 

0 1 

.P2 = yK+Pi) : 
Q 2 = QqJ j 
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Likowiso for different other input c originations 
of the PP's sinilor expressions con to worked out for 
r2 and Q2 respectively. But this process, wo should 
he able to express in the fom of a genoroJ- algorithn 
applicable to all types of BB’s, This generalisation 
can be included in the future developnent progran of 
this deductive technique. 

Circuits with Beodback Loops ; ¥e have already 
catered in our simulator for the sensing and solution 
of oscillatory conditions and are able to simulate 
combinational login circuits with globed, feedback. 
Ignoring the races and reducing the BP to its equivalent 
gate level model, we ha.ve also boon able to simulate 
a ’SR’ PP with the simulator already designed by us, 

Por this we decided to ^ecify ourselves the test 
vectors to be simulated, rather than generaUng these 
randomly, and deliberately avoided the simultaneous 
changing of both R and S inputs from 'O’ to ’1’ which 
results in a race-condition for the RS PP ng,de of cross- 
connected RMI) gates. This input combination change 
from (0,0) to (1,1) should be ’self-inhibited’ for 
a SR PP if the simulator is designed to cater for all 
types of sequentia.1 circuits. 
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With the addition of >STi\R FAULTS’ and hy changing 
the ’gate— level’ model into on ’eloiaent level’ model, 
this simulator can be made more universal in its appli- 
cations* Further modification may bo attempted by 
placing the EP's on the feedback loops. Then the fault 
computation for more 'complex logic devices’ 3tke 'shift 
registers', 'counters’ etc., could also be included. 

All these additions/modifications in the program enhance 
the scope of future development on the work already under- 
taken. 

2. APDITIOITAL FAULTS POSSIBLE 

We, in our simulation model, have considered only 
the ' stuck— at ’ type of faults. In pre.ctice, however, 
various other faults are also encountered in logic 
circuits, the detection of which should be feasible and 
nay be token up by those interested in further probing 
into this deductive technique of fault simulation. SoD.e 
of the faults to be considered are as under”. 

(a) D e lav-Fault s ; Those are due to incorrect 
delay values associated with various gates which cause 
the circuit behaviour to be different from what was 
intended. Mostly these are due to the complexity of 
manufacturing processes, (Refer I 5 ). 
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Short od Faults ; These are the non-classical 
faults like 'cross— over shorts' and 'shorts between 
adjacent paths'# These nornally would be occuring 
during the manufacturing processes for 10 's. For such 
type of faults a separate simulator subroutine may be 
developed -which could be called \iien. the design of 
'nanuf acturing tests for circuit pack check out' is 
required. 

3* VARIABLE TIME DELAY SMUIATIQH 

¥e had. selected the unit time delay’’ model since it 
does not require storage of mul-tiple- tine- frame eva.lua- 
tions, and can -work -with a tine— queue for the next step 
only. But tiiis model does not trucly represent the 
'delays' associated with different types of gates. It 
should be possible to assign different dela,ys to differon-o 
gates and then simulate the circuit behaviour. The 
complexity of process involved calls for increased storage 
requirements and extra tine for simulation, but -vri-ll 
certainly make the simulation m.oro accurate. It shall 
be -worthwhile attempting a variable-tine delay model 
using the deductive technique. 



92 


CONCLUSION 

In tlio preceding chapters we have attempted to 
develop a fault sinulator for logic circuits the 
DEDUCTIVE Appropjch. Our enphasis throu^iout IiplS been 
on ^ncEiory space’ considerations of the host conputer 
(IBM- 7044) and on the ’sinulation sinplicity*. Since 
our ain was nerely the inplenentation of the 'Deductive 
teclmique’, we modelled only the 'stuck-at* tjrpe faults 
with 'unit tine— delay' associated in-th each logic gate* 

It goes without saying that to noke the scope of 
application of this sinulator nore diverse, a good deal 
of work is yet to be done* Modelling with 'variable/ 
assignable-tine-delay’, and inclusion of ' element- le-yr.! 
subroutines ^all be a dcBirable extension of^the work 
already undertaken,. The sinulator, then, can bo an 
effective tool in the hands of both the logic designer 
and the maintenance engineer. 
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